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2SUMMARY '
The purpose of this study has been to investigate the possibilities 
of doping cadmium telluride CdTe by the technique of ion implantation. 
Crystals grown by different techniques have been implanted with 
hydrogen, argon, indium, tellurium and bismuth ions at energies which 
produce lattice disorder to a mean depth of about 300 X.
Electrical activity generated in implanted layers has been studied 
as a function of ion type, dose, implantation temperature and annealing 
temperature. The lattice disorder in these layers has also been 
investigated as a function of implanted ion energy, and dose rate.
Measurements using the thermal probe, sheet resistivity and Hall effect 
techniques have been taken to assess material suitable for implantation
I
and to investigate electrical activity in implanted layers. Damage 
centres in the CdTe bandgap have been investigated as a function of 
ion type and annealing temperature, using the Thermostimulated current 
technique,.
The Rutherford Backscattering and channelling of alpha particles has 
been applied to all implanted material to yield information abouf the 
amount and distribution of lattice disorder. The technique also gave 
information on the position of implanted bismuth in the CdTe lattice.
Lattice disorder, produced by the above heavy .ions, exhibited annealing 
characteristics which were dependent on dose aiid implant conditions. 
Complete reordering of the lattice was not detected, due to surface 
evaporation above 450°C<,
Bismuth ion movement was detected but no substitutional component 
was observed. On annealing above 450°C implanted bismuth was rapidly 
lost from the surface.
Besides the generation of radiation induced trapping levels, no 
electrical activity was detected in samples implanted at room temperature 
Implanting indium into substrates held at 200°C produced a dose 
dependant activity and in the best case one in three of the implanted 
indium ions became electrically active.
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CHAPTER 1 INTRODUCTION
1.1. General Introduction
Ion implantation ( 1 ) is a means of injecting impurity atoms 
into surface layers of solids. This essentially low temperature 
technique has been .applied to semiconductors where it has 
particular value with the compound materials. Usual dopant 
diffusion techniques often cannot be successfully applied to these 
materials due to compound dissociation the required diffusion 
temperatures. With the II-VI compound semiconductors significant 
dissociation occurs above 500°C ( 2 ). Also with this group of 
compounds diffused dopant activity is neutralised above about 
500°C by thermally generated defects, a phenomenon called self 
compensation (3 ). Cadmium telluride CdTe is one such compound 
which on heating loses cadmium (4 ) resulting in the formation of 
native defects which are acceptor-like arid have been attributed 
to cadmium vacancies. ,
The purpose of this project was the controlled modification 
of the electrical properties of the surface layers of CdTe by; 
ion implantation. ■ _.
The interest in CdTe stems from its potential application 
as a room temperature gamma-ray spectrometer. The high atomic 
number of the material ‘(2=50) and its wide band gap (Eg=1.5eV) 
means that stopping of gamma rays is more efficient than in silicon 
of germanium and the lour intrinsic conduction makes room 
temperature operation possible.
A primary requirement for a particle detector is that the 
radiation be stopped (ie deposit all of its energy) in a well 
defined active volume of material. A high collection field 
('GlOOOV/cm) applied across this volume serves to sweep the 
radiation produced electrons and holes to their respective electrodes. 
The movement of charge in the active volume gives rise to ari ouitput 
pulse whose magnitude gives a measure of the incident particle 
energy.
For efficient charge collection, material for detectors must
be made pure and free from electronic traps such that carrier 
lifetimes are long compared to collection times. Detectors 
need to be of high resistance between electrodes to avoid high 
carrier densities when collection fields are applied. This low 
carrier density can be achieved by using high resistivity crystals 
or by using the depleted volume of a reverse biased p-n junction.
For both ohmic and junction contacts the thifckness of the 
inactive surface layer should be kept to a minimum to. avoid 
excessive particle energy loss.
It was thought that by using the technique of ion 
implantation ohmic contacts and junctions could be produced near 
the CdTe surface. Implanted junctions produced in silicon( 5 ) 
and germanium, having good characteristics have been successfully 
used as particle detectors. At the time of starting this study 
no information had been published concerning implantation of CdTe. 
Since that time shallow implanted junctions have been produced 
successfully by Donnelly et al (6-) at M.I.T.’s Lincoln Laboratories 
and a conference on the material at Strasbourg in June 1971 ( 7 ) 
revealed other work on lattice damage( 8 ) and doping aspects(9 ) 
of implanted CdTe.
1.2. General Aims — ..
The aims of the project can, for simplicity, be listed as 
follows .
(1) To assess a) The lattice perfection of purchased
CdTe single crystals.
b) The bulk electrical properties of these 
crystals.
c) The surface layers of the prepared 
single crystals.
with a view to selecting suitable material for ion implantation.
(2) To study electrical activity in CdTe after ion 
implantation and to distinguish between activity induced by 
impurity ion doping and that produced by radiation damage.
(3) To determine the degree and annealing characteristics of 
ion damage in relation to measured electrical changes.
\ 10.
'(4) To correlate changes in electrical activity with
movement of dopant impurities onto substitutional lattice
sites.
(5) To propose physical models for the observed behaviour 
. of implanted ions in CdTe.
The ions used in this study were selected for their 
potential doping characteristics. ‘ Indium and bismuth were used 
in an attempt to induce donor and acceptor-like activity 
respectively in the material. O t h e r s(4 ) have found that In 
acts as a donor impurity in CdTe, while Bi being a Group V compound 
was expected to be an acceptor as were other members of that group(10 ).
To study electrical effects of disorder and alterations in 
the stoichiometric balance in CdTe, Ar and Te ions respectively 
were implanted.
Electrical properties of the bulk material and implanted 
layers were investigated using sheet resistivity, Hall Effect,
Thermal Probe and Thermostimulated current (TSC) techniques.
These give information on resistivity, mobility, carrier 
concentration, carrier type, and certain trapping levels in the 
surface region of CdTe. .
The extent of lattice disorder and the atomic location of 
implanted impurities were both investigated using the technique of 
Rutherford Backscattering(11 ) ( 1 2 ) .  Here the pronounced 
directional effects in crystalline materials on the magnitude of 
baclcscattered particle yields are utilised to give information on 
lattice disorder.in the surface region.
The layout of this thesis is as listed below.
1.3 Summary of Contents
In Chapter 2 an outline of some"of the electrical and 
physical properties of CdTe are presented together with a review 
of other experimental work on Implantation of the material.
Chapter 3 reviews the processes occuring when an energetic 
ion comes to rest in a crystalline lattice. Range concepts in 
amorphous and crystalline materials are discussed together with 
lattice disorder with particular reference to CdTe.
Some theoretical considerations behind the measurements 
are presented in Chapter 4 with assumptions and constants quoted 
for applications to CdTe..
In Chapter 5, on experimental procedure, part is devoted 
to sample preparation, annealing studies and material assessment, 
with the remainder dealing with a description of the experimental 
system used.
Results are presented in Chapter 6, which has been divided 
into 3 sections;- (1) materials assessment (2) heavy ion damage 
and (3) electrical measurements of ion implanted layers.'
Chapter 7 deals with a general discussion on the results 
presented in the previous chapter together with a physical model 
which helps explain processes occurring in the implanted 
Surface layer.
The brief final chapter contains the conclusions derived 
from this study along with suggestions for future work which could 
prove fruitful in producing implanted ohmic contacts and shallow 
junctions in'CdTe.
CHAPTER 2 PROPERTIES OF BULK AND IMPLANTED CdTe
In this chapter some of the physical and electronic properties of 
CdTe will be presented. These properties will then be discussed with 
respect to some of the studies carried out by others on implanted material.
2.1 Growth Methods
As will be shown later, crystal growth methods were found to 
play an important role in the properties of the material. In the «
methods discussed below growth is from the liquid phase from 
near-stoichiometry melts, as these conditions give optimum sized 
crystals with good electronic properties. Other methods such as 
growth from the vapour phase have been reviewed by Strauss(13 ) and 
Ray(14 ). For growth from the liquid phase the Pressure-Temperature- 
Composition (P-T-x) diagram must be considered, to keep vapour and 
liquid phase deviations to a minimum. Phase deviations produce 
changes in stoichiometry with subsequent undesirable electronic
properties. The phase diagram has been studied by a variety of workers
( 4 ) (15 ) and it appears that growth under saturated cadmium vapour 
is required to produce good single crystals.
The three most common methods, which are listed below along 
with their abbreviations used in this thesis, meet, these requirements.
(1) Modified Bridgman (Mod. Bridg.)(l6 )
(2) Horizontal zone refined (Horiz. Z.-ref.)(1?)
(3) Vertical zone refined (Vert. Z.-ref.)^)
In (1) purified cadmium telluride is placed in a pyrolysed 
graphite coated quartz tube and heated vertically in a two zone 
furnace. Excess cadmium is placed in the top colder zone such that 
the vapour and liquid phases are in equilibrium with the solid phase. 
Lowering the cadmium telluride through the furnace at about 0.6 cm/hr 
produces large single crystals. The electrical properties of these 
crystals depend on impurity and component defect concentration; 
with the latter being dependent on the system vapour pressure. A 
schematic diagram of the temperature and furnace arrangement is 
shown in Figure ’2.1 (a);
(a) Modified Bridgman (b) Horizontally zone refined
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Fig 2/1 Schematic diagrams of principal growth methods forsingle  
crystal cadmium telluride
The Horizontally zone refining method is similar to (1) 
in that a reservoir of cadmium is used as a means of controlling 
vapour pressure. Cadmium and tellurium (pure to 99.995%) are 
placed in a horizontal graphite boat and melted at a temperature 
of 1050°C. After a few hours the boat is slowly cooled, with the 
component reservoir being kept at a constant temperature. A 
schematic diagram is shown in Figure 2.1(b). After the slow 
crystallisation, the cadmium telluride is zone refined using a 
localised hot zone to remove impurities and dislocations etc., 
the refining again is done under a- saturated vapour atmosphere.
In the third process no reservoir is used as vapour transport 
is prevented by completely filling the graphite coated ampoule.
A loose plug partially seals this ampoule which is further 
encapsulated in a quartz tube. On heating to above the melting 
point of the cadmium and tellurium, cadmium telluride sublimes 
between the plug and the walls forming an effective seal. After 
some hours the ampoule is cooled and CdTe which has formed is zone 
refined using RF heating. A diagram of the system is shown in 
Figure 2.1(c).
2.2 Physical and Electronic Properties
Single crystal cadmium telluride CdTe has a dull grey-black 
appearance and is easily cleaved, along the ( 110 ) and ((Lll) 
planes. The structure is zinc-blende such that if the crystal 
was composed of atoms of one type it would exhibit the diamond 
structure. Measurements of lattice parameter have produced 
differing values(19)(20) with a mean of 6.481 discrepancies 
being thought due to impurity or defect strains in the lattice.
In the above description of growth methods no indication has 
been given of the effects of growth conditions on the electronic 
properties of the semiconductor. However it has been found(21 ) 
that variations in cadmium overpressures during growth can produce 
large changes in electrical conductivity. These changes are 
thought( 4 ) to be due to the generation of electrically active 
cadmium vacancies at low cadmium vapour pressures, which
produce p-type conduction. As the cadmium vapour pressure PCd 
increases, the concentration of decreases and the material
becomes, due to the presence of excess cadmium, n-type. This 
effect makes cadmium telluride unique among the II-VI compounds
in that it can be grown either n or p-type and offers, at least 
theoretically, a means of producing high resistivity material. 
Recent measurements(22 ) taken at high temperatures indicate a 
resistivity dependence on cadmium vapour pressure which, from 
considerations of reaction kinetics, suggests that the cadmium 
vacancy may be doubly ionised.
In consideration of native defects, the role played by cadmium 
and tellurium interstitials is as yet unclear, as is the precise 
action of the tellurium vacancy. Extensive resistivity 
m e a s u r e m e n t s \  performed under tellurium atmospheres on 
nominally undoped material, have led to the conclusion that changes 
produced have been due to trace impurities rather than native 
tellurium defects. Thus a simple picture can be painted whereby 
electrical activity produced by defects, is due to acceptor-like 
cadmium vacancies, existing in either singly or doubly ionised 
states.
2.2.1 Impurity Effects
Single crystals grown from cadmium and tellurium 
contain impurities from the constituents and to a lesser 
. extent from the growth equipment. In Horiz. Z-ref. crystals 
. 'for example, In, Mg, Ag , Pb, Cu and Al have been found(4.) 
in concentrations exceeding 1012/cm3. These elements were 
removed however after 40 zone passes, with only a slight trace 
of Al being present spectroscopically. A similar situation 
exists for Vert. Z-ref. material (24) where Cu, Ag, Sb, A.l and 
Bi have been detected and subsequently removed.
Impurities present in the material, due to impurity 
scattering below about .70oIC, produce differences in the 
mobility of the charge carriers. On subsequent refining, 
removal of these impurities produces an enhanced low 
temperature mobility. This is illustrated in Fig 2.2 where 
mobility measurements from In, I and Nd doped materials(25), 
as well as from Vertically zone refined undoped material, are 
shown,. The solid curve is a theoretical lattice mobility 
calculated by Rode( 26) from phonon scattering considerations. 
Thus it appears that zone refining is an effective means of 
purifying CdTe.
T(°K)
Fig 2.2 Temperature dependence of the Hall mobility of several n-type CdTe samples. 
The symbols - f ,  O, □ and A represent samples of multiply zone refined undoped CdTe, 
O a sample of multiply zone refined CdTe annealed in excess Cd, and V , 0 , and © are Nd. 
In and I doped samples, respectively. The solid line is the theoretical drift mobility due 
to optical mode scattering talcing into account the temperature dependence of the static 
dielectric constant. The dashed line results when this temperature dependence is neglected 
[Segall et a l . , ( 25 )]
For nominally undoped material, the room temperature 
electron and hole mobilities are 500-1000 cm2/V-sec. and 
50-100 cm^/V-sec. respectively. This means that the 
minimum resistivities obtainable, due to the presence of 
active native defects, are 0 ol ohm-cm for n-type and 1 ohm-cm 
for p-type material. To obtain resistivities lower than this, 
impurity dopants must be added. It has been found that 
groups III and VII elements produce n-type activity, sitting 
on the cadmium and tellurium sites respectively', while Groups 
I and V, and the noble metals produce p-type activity. For 
doped p-type crystals, the lowest value as yet obtained(27 ) 
was with Li doped samples, where the resistivity was 0.4 ohm-cm, 
and room temperature mobility was 80 cm2/V-sec. However for 
n-type GdTe, chlorine doped material (13 ) produces on further 
•doping with Al , In, Br or I, resistivities of 5 x 10“3 ohm-cm, 
.and mobilities in the order of 700 cm2/V-sec.
To obtain high resistivities, reduction of the total 
carrier concentration by removal.of impurities can produce 
resistivities of the order of 100 ohm-cms. Higher 
resistivities can be achieved by compensation of electrically 
active carriers with acceptor-like native defects, these 
reduce the carrier concentration and hence increase the 
resistivity. The electrical properties of the material can 
be better, controlled by this method and semi-insulating 
crystals of’ 10? ohm-cm have been obtained(21 ). As stated 
previously, on increasing the cadmium pressure over the material 
at. elevated temperatures a change from p to n-type is 
produced, such that at the transition point a significant 
reduction in carrier concentration is observed.
This compensating technique is not a convenient method 
of obtaining high resistivities, since the transition occurs 
over a very narrow region of cadmium partial pressure. Also 
this pressure range is dependent on impurity content, with 
P ^ at the transition point increasing as the net acceptor 
concentration increases. These factors make pressure control 
difficult, so that homogeneous samples of high resistivity 
CdTe are not easy to obtain using this technique. Some 
success has been achieved by Matveev et al (28) using the
log Pcd (atm )
F ig .2 ,3 T h e  concentration of charge c a r r ie r s  of C dT e-2 .1017 
In as  a  function of T and P q^. The points indicated by 
i  denote sam ples with a  very  high specific re s is tan c e , 
[F rom .de Nobel (4  )].
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Horizontal zone refining method, and resistivities from 
between 103 - 108 ohm-cms have been obtained. However their 
crystals were found to contain many inclusions, twins and 
dislocations with resistivity varying greatly along the 
ingot lengths.
An alternative method of preparing semi-insulating 
CdTe, which is easier.and more reproduceable involves the 
annealing of donor doped material under low cadmium pressures. 
This method was first used by de Nobel(4 ) whose rbsults 
from indium doped material are shown in Figure 2.3. Here . 
annealing to 700°C and quenching produces carrier concentrations 
of less than lb^/cm3. The i points in Figure 2.3 give the 
value of at.room temperature, but not a value of the
carrier concentration, as this was found to be too low for 
effective measurement. With this technique it is thought 
that high concentrations of ’frozen-in* acceptor-like cadmium 
vacancies compensate In donors, producing semi-insulating 
material. Resistivities of between 10^ - 107 ohm-cms have 
been produced by this method and it is by using this technique 
that detector material has been fabricated(16).
2.2.2 Energy Level Positions --
Before discussing the production and properties of 
p-n junctions in CdTe, some indication as to the position of 
impurity and defect levels within the forbidden gap will be 
given. The known published levels are shown in Figure 2.4.
Acceptor levels have been found for Na (Ev + 0.028) eV 
and Li (Ev + 0,034)eV(27 )} these elements being assumed to 
substitute for Cd, while P with a level at (Ev + 0.05)ev(29) 
substituted for tellurium. A level at (Ev + 0.05)eV was also 
found(30) when undoped samples were annealed in Te vapour, and 
has been attributed to a native defect. Further levels 
at (Ev + 0.15)ev(4 ) and (Ev + 0.2)ev(31) have been found in 
. samples annealed in low cadmium vapour pressures. Deeper 
levels are created by Cu, Ag and Au having ionisation energies 
of 0.3, 0.35 and 0.36 eV above the valence band^^ ^ .
A much deeper level, only 0.6 eV below the conduction
band, has been observed(4 ) in n-type material annealed in 
low Cd atmospheres and has been identified as the second 
ionisation state of a cadmium vacancy. The level has also 
been detected in undoped material subjected to short heat 
treatments(4 ) or material which has suffered electron and 
neutron irradiations (32 ) e Finally a level, at 0.06 eV below 
the conduction band has been reported by Lorenz et al(33 ) 
and is thought to be due to a vacancy-impurity centre.
For donor levels the picture is more complex with only
two types of levels being detected. For n-type samples with
16 ^room temperature carrier concentrations below about 10 /cm , 
a level at (Ec - 0.01)eV has been found using Hall (25 ) an(j 
magnetoabsorption measurement techniques (34 ), por heavily 
doped materials•the carrier concentration appears to be 
virtually independent of temperature, with intermediate 
concentrations showing characteristics of impurity band 
conduction.
Because of the lack of carrier ‘freeze-out* at high 
doping concentrations and the high residual carrier 
concentration of nominally undoped CdTe, no measure of the 
ionisation energy of individual impurities has been obtained. 
Recent results(l3) however, from hydrostatic pressure 
measurements, indicate that levels due to Cl, Br, Ga and In­
sit above the first band minimum i.e. r(]< = 0 ).
Aluminium and iodine did not show any pressure dependence 
and could either be due to levels well above or just below 
the band minimum.
To summarise, shallow levels have been found which 
could be due to Al, I or native defects. Other donor impurities 
have levels above the band minimum which are undetectable at 
atmospheric pressure, resulting in impurity, band conduction.
The above levels have all been obtained (apart from one 
using magnetoabsorption) from measurements of carrier 
concentration with temperature. As with other members of the 
II-VI compounds, CdTe has pronounced photoconductive properties 
which have been used to measure level positions in both p and 
n rtype materials. Results indicate levels similar to those 
obtained from electrical conductivity measurements, as well as 
other levels such as (Bc - 0.5)ev(35) and (£v + 0.38)ev(36)
thought to be due to chlorine and copper complexes 
respectively. Anomolous photoconductivity results(33) have 
been observed in material where the (Bc - 0.06)eV acceptor 
level has been detected electrically. At low temperatures 
persistent photoconductivity occurs with an increase in 
electron mobility. This increase is thought to be due to a 
reduction in the Charge state of a doubly ionised acceptor, 
producing a four-fold decrease in scattering. A reduction 
of the charge.state also produces an effective lowering of the 
electron barrier height, causing increased concentrations of 
photocarriers.
The Thermostimulated current effect has produced 
values of levels in p-type material(37) Qf (Bv + O.'ll )eV and 
(Ev + 0.21)eV and in n-type material of (Bc - 0.03)ev(38), 
values that agree within experimental error with those obtained 
by electrical measurement.
In conclusion, electrical and optical measurements of 
the energy level positions in the band gap of CdTe compare 
favourably, except in cases where barrier potentials seem to 
play an important role„
2.2,3 The CdTe p-n Junction ..
By controlling growth conditions, p-type and n-type CdTe 
can be produced relatively easily ('4 ), It appears, as with 
the case of the other II-VI compounds, that the production 
of junctions in either type of material is hampered by self 
compensation( 3 ), Diffused p-n junctions have been reported 
however,1 with the dopant being either mixed with cadmium( 39) 
or diffused with other impurities of opposite type(40 ),
Tlie grown junctions have shown good electrical characteristics 
and were electroluminescent with light emission at about 0.83p . 
External quantum efficiences were high (12%) but no stimulated 
emission, like that observed in GaAs^41 )} w a s obtained.
This was thought(39 ) due to the .high contact resistance,, 
coupled with the high current desities involved, producing 
junction heating effects. High reverse leakage currents with 
these devices ( ~ 10 yA) made their use as detectors 
impracticable.
Surface barriers have been fabricated and used as 
solar-cells and gamma detectors. Excellent reviews are 
available (42 ) (43 ) which give the present 'state of the art’ 
of these devices.
2.3 Ion Implantation of CdTe
Besides CdTe, ion implantation had been applied to other 
members of the II-VI compounds such as ZnTe(44) and Cds(45).
Junctions have been produced in ZnTe(44 ) by implanting 400 lceV 
fluorine at 77°IC and annealing in.ZnTe and Te vapour to 550°C.
Cadmium sulphide had also been type-converted(46 ) by ion 
bombardment of a mixed beam of 50 keV phosphorus and sulphur, with 
subsequent annealing to 450°C. It was found that annealing this 
material to higher temperatures produced a decrease in p-type 
conductivity.
Type conversion of CdTe has been achieved by Donnelly et al ( 6 ,
who used 400 keV As ions implanted into n-type material held at 
50Q°C. Implantation was performed through an SiO-2 mask, which was 
used to prevent evaporation and thermal etching. After removal 
of the Si02, the samples were annealed in ampoules of CdTe and Cd 
powder at '650°C, to ensure that substrates remained n-type b y ” "." 
suppressing electrical activity due to stoichiometric changes.
Previous implantations at room temperature indicated that 
n-type CdTe turned semi-insulating and did not reconvert, after- 
annealing for two days at 650°C. For the hot implants, the 
p-n junctions formed had leakage currents which were too large for 
efficient gamma detection. Infra-red radiation of 0.88 jj was 
however observed under forward bias currents greater than 2 mA.
From Hall data on the p-type layer they found that the hole 
concentration was a factor of 10“2 to 10“3 of that expected, an 
effect they attributed to self compensation or unannealed 
radiation damage. Finally, to confirm that electrical activity 
was due to chemical doping rather than damage, argon implanted 
samples were treated in similar ways to those irradiated with 
arsenic. No p-type layer was found.
Thin films of CdTe have been bombarded witliIXn(47) and Cd(48 ) 
but in both cases effects produced were attributed to impurity-defect 
complexes rather than chemical doping. For the In implants it was 
found that after annealing to 150°C the films returned to pre-implant 
conditions. No attempt was made to anneal to higher temperatures.
More recent work® 9 ) on As- and P‘- room temperature implants 
into Horizontally zone refined material, indicate that electrical 
activity is. generated by these ions after zone annealing to 650°C 
in a cadmium atmosphere. Indium, B, Cl, and F ions were also 
implanted but failed to produce conversion. It was thought that 
complexes similar to those reported by Kroger(49) were formed which, 
because of their acceptor-like action, produced compensation.
From electron diffraction studies it was found that the amount of 
lattice disorder was small, even for high doses (~6xl016 ions/cm2), 
for all ions implanted. ...
Heavy ion bombardment has been carried out, using Bi ions, 
by a number of workers( 8 )(50), with disorder being studied using 
the light particle channelling technique (see Chapter 4). From 
these studies it appears that a completely amorphous surface region 
is not formed even with doses as high as 8 x ions/cm^. Low
recrystallisation temperatures were observed, compared to the 
elemental semiconductors Si and Ge( 1 ), an effect'which was 
attributed to the high mobility of the cadmium vacancy and radiation 
annealing during implant.
No other implantation into the material has as yet been 
reported but work is at -present being done in a number of 
laboratories in the USSR (51 ) and France(52) in an attempt to 
produce junctions having good detector characteristics.
Measurements from CdTe bombarded with thermal neutrons(53 ) (54 ) 
suggests that cadmium vacancies are responsible for electron 
removal, and at high doses some type conversion•of n-type material 
has been attained. From Hall measurements a level at (Ev + 0.17)eV 
was found after conversion. By increasing the sample temperature 
during irradiation, Barnes and ICikuchi (:;54\} found the cadmium 
vacancy generation rate was reduced. They attributed this 
reduction to an enhanced defect mobility which caused smaller 
changes in the electron concentration than was expected.
A number of studies(53 ) (32 ) have been made using high energy' 
electrons, where again acceptor-like activity was generated.
Energy levels at (Ec - 0.06)eV and (Bc - 0.6)eV were created due 
to electron bombardment; with the latter level being annihilated 
.on annealing.
In conclusion it appears that light particles generate p-type 
activity, whose magnitude is sensitive to temperature during and 
after irradiation. The behaviour of heavy ions in the material 
appears to be more complex with gros's * radiation damage dominating - 
any effects due to simple point defects.
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CHAPTER 3 ION PENETRATION AND RADIATION DAMAGE IN SOLIDS
In this chapter stopping of ions and ion ranges will be discussed. 
Various aspects of lattice disorder produced by ion implantation are 
presented, and parameters related to ranges and damage of various heavy 
ions in CdTe quoted.
3.1 Stopping Processes
Ions entering a solid, interact with the field around the 
charged nucleus. A detailed understanding of the stopping processes 
on an atomic scale, requires complete information about the nature 
and form of the interatomic potentials. . This information is not 
available to confirm or reject the various theoretical models of 
the proposed form of the potential.
For ion implantation, ion-atom potential variations can. best 
be described by Bohr’s equation modified using Thomas-Fermi 
statistics. This is given by :-
V(r) = (ZiZ2e2 ) 0x.F.(r/a) /r  .............. (!)
where V(r) is the interatomic potential, r is the.atomic separation,
— 3. La = a0 (Z| + Z3)"2 and is called the Thomas-Fermi screening 
radius, aQ is the Bohr radius of the hydrogen atom, Z! and Z2 are 
the atomic numbers of ion and target respectively and 0!- p is the 
Thomas-Fermi screening function, which has been tabulated.(5 5).
It was by using this model that Lindhard and Scharff^56 ) derived 
expressions for various universal stopping parameters.
In this region of interest ions slow down by transferring 
energy to electrons and by suffering elastic nuclear collisions..
By defining a stopping power as where x is ions path length 
then ^
( — ) = (S i) + ( — ) + ( — )     (2 )'dx' vdx'e 1 dx7n ldx'CE
where ,dE. = stopping power due to electronic processes
'dx'e
,dB. ~ stopping power due to nuclear processes
'dx'n
/dE. = stopping power due to charge exchange
dx 'C£
The third process involves an exchange of charge between the 
moving ion and the target atom, but as this occurs only to a 
maximum of 10% of the total stopping it is generally ignored.
Each of the three terms on the right of equation (2) is 
dependent on ion energy, mass and mass of target. Lindhard and 
Scharf f (56 ) using the Thomas-Fermi model derived reduced energy £ 
and range, p parameters to encompass these variables.
They derived for reduced energy :- 
EaM
2    (3)
Z1Z2e2 (Mj. + M2) 
and for reduced range
XNM0a2M.147r
p = ---  i.     00
(M1+ M2)2
where E is ion energy, and M^ . cxre atomic masses of ion and 
target respectively and N is the atomic density.
From these two expressions they were then able tp define a
reduced stopping power for electronic stopping called the specific
energy loss such that ..
dP '
d e  ± '
j f  = KE" ••••■......................  •••••••............................... (5 )
where K is a constant of proportionality dependent on ion and 
target. Values of K vary from about 1 for light ions in heavy 
hosts to about 0.1 for heavy ions in light hosts. A table of 
lc values as well as energy and range parameters is shown in 
Table 3.1 for various ions in silicon, germanium and cadmium 
telluride.
For values of e > 2 electronic stopping is found to be the 
dominant process and the stopping curve as a function of reduced 
energy is shown in Figure 3.1 for K = 0.15. Below e. ~ 1 elastic 
nuclear stopping predominates such that for many situations 
electronic stopping can be ignored. Lindhard et al(57 ), again 
using Thomas-Fermi potential considerations, * derived a reduced
TaMe 3.1 T h e  LSS P a r a m e t e r s  e ,p , a n d  k  f o r  V a r io u s  D o p a n t s
in  Si, Ge, a n d  Sn (^CdTe)
Ion e jE  (keV); p}R  (microns)0
Si Ge Sn
(CdTe)
Si Ge Sn
(CdTe)
Si Ge Sn
(CdTe)
Li 0.221 0.089 0.052 28.0 8.0 2.7 0.28 0.65 1.04
B 0.113 0.049 0.029 .32.2 10.6 3.8 0.22 0.47 0.75
N 0.074 0.033 0.020 32.2 11.8 4.5 0.20 0.42 0.65
Al 0.028 0.015 0.0093 30.5 15.3 6.4 0.14 0.26 0.39
P 0.021 0.012 0.0078 29.0 15.7 6.8 0.14 0.24 0.36
Ga 0.0054 0.0037 0.0027 17.9 15.2 8.1 0 .12 0.16 0.21
As 0.0048 0.0034 0.0025 17.0 14.8 8.1 0 .12 0.16 0.20
In 0.0021 0.0017 0.00130 11.4 12.2 7.6 0 .11 0.14 0.17
Sb 0.0019 0.0015 0.00121 10.7 11.9 7.5 . 0 .11 0.14 0.16
TI 0.00070 0.00062 0.00052 6.0 8.2 5.9 0 .11 0.13 0.14
Bi 0.00066 0.00059 0.00050 5.8 8.0 5.8 0 .11 0.13 0.14
a Using the following density values (in gm /cm 3): 2. 33 for Si;
5. 32 for Ge; and 5. 84 for Sn ( i .e . ,  the density for CdTe). 
[From  Mayer et al ( 1 )],
Fig. 3.1 Theoretical nuclear and electronic stopping-power
. curves, expressed in term s of the reduced variables 
pand e. (Based on Lindhard et al. (57). For 
electronic stopping, a family of lines (one for each 
combination of projectile and target) is obtained; the 
m ajority of cases fall within the lim its shown. The 
dot-dash line represents the electronic stopping for 
K — 0.15. [Modified from Dearnaley (58 )].
25-
stopping power for nuclear stopping (5L5) such thatd p  n
(f*£) -  / £— ........................................    (6)
v d p ' n  1 3/ e
0 t 2
l o T •where e — ' > T :“-s energy transfer fractron between*m..
particle and atom and can have values from zero to a maximum T , 
where Tm = 4M1M2E/(M1 + M2 )2 .
lThe variation in nuclear stopping with e2 can be seen in 
Figure 3,2.
Thus the total reduced stopping can be written as
. = >  + j 6-2 -  f(th —  ' .............................................
d p  {,■ 3/  E
3.2 Ranges in Amorphous and Crystalline Materials
The above expression determines the depth or range to which 
an ion penetrates a solid. The basic equation relating range R 
and energy loss in a solid is *
R =. /E dE/(dE/dR)   (8)
o
Values of e strongly determine the range of the incident ion, 
thus when e is large most of the energy is caused by electronic 
stopping, resulting in large ranges.
For ion implantation applications, a projected range Rp 
(measured parallel to the incident ion direction) and a mean total 
range R (the mean total distance ions travel in the solid) are 
normally used. Lindhard et a l (57) derived the expression
J5_ = 1 + M 2   (9)
Rp 3M±
relating the two range parameters.
Knowing the value of ion energy, ion mass and target mass, in 
principle using the above equations, projected ranges can be 
calculated.
Discrepancies in measured range values have been observed for 
ions implanted into single crystal targets. From range studies on
polycrystalline aluminium, Davies et al(59) observed anomolous 
values of projected ranges, and further work by Piercy(60 ) 
discovered an enhanced tail when ions were implanted near a major 
crystal axis. This enhancement is thought to be due to a steering 
of the incident ion by the atoms along a low index direction; 
a phenomenon called channelling.
In these channelling directions the incident ion suffers 
collisions with electrons, rather than elastic nuclear collisions, 
producing enhanced ranges . .
Lindhard(S1 ) postulated the idea of a ’string* or row of 
atoms producing a steering potential, and from this was able to 
devise a critical entrance angle for particle channelling, where
2Z..Z7e2 ,
5  • “ A  -  V - A s h ’  ........................................... (10)
• i  nAt low energies, where e < 2Z-23 d/a-0 (d is the atom 
separation) there is a different criterion for channelling with
Ca±  ,
*c ~ ( ' 2 9 with C ~ /3 • •    (11)
. Many parameters affect the degaree of channelling in a crystal 
such as ion energy, crystal orientation, lattice disorder and 
crystal temperature. Normally for implantation in semiconductors, 
crystals are misorientated from a major axis so channelling is 
reduced and ranges can be considered as in amorphous materials.
For ranges in semiconductors, tabulations are available by 
Johnson and Gibbons(62), For a more detailed discussion on ranges 
and their measurement, reviews by Mayer et al( 1 ) and Dearnaley(58) 
are available.
3.3 Radiation Damage 5.n Semiconductors
3.3.1 Generation of Crystal Defects
When an ion of energy E enters a crystal, interactions 
occur which can produce displacements of the,.target atom from 
its lattice position. The simplest of these displacements 
is the formation of a vacancy-interstitial (or Frenkel pair ) 
’point’ defect, with the interstitial recoiling some distance
from its lattice site. Frenkel'pair production occurs when 
the ion energy available for nuclear collisions V >Ed, where 
Ed is called the displacement energy and is the energy 
required to move an atom off its lattice site,
Other ions entering the region of the Frenkel pair, 
produce further pairs until damage clusters are formed. If 
the energy of the primary displaced host atom also produces 
lattice atom displacements, a cascade of atomic collisions 
occurs. Thus around any ion track small clusters of complex
and point defects are generated.
As the number of ions entering the crystal increases, 
the disorder regions around the ion tracks overlap, producing 
a volume of highly disordered crystal which can become 
amorphous. In this volume there may still be short range 
order, i.e. microcrystallites etc., but these are in a random
array. The onset of the amorphous phase depends on a
variety of parameters. For example, work by Nelson and 
Mazey(63) has shown that by increasing the silicon substrate 
temperature to 200°C during bombardment, the dose required 
from 60 keV Ne ions to produce a completely amorphous layer 
increases from 1 0 ^  to . SxlO-1-3 ions/cm2 . Reducing the substrate 
temperature during implant appears to increase(64)(65) the 
total amount of disorder.
Another factor affecting the degree of disorder is the 
dose rate (or number of ions entering the crystal/second). 
Little work has been done in investigating this factor but 
both Picraux and Vook(6 6 ) and Eisen and Welch(67 ) on Sb and B i , 
room temperature silicon implants, reported increases in 
disorder with increasing dose rate. They attributed the 
increases to the formation of stable damage clusters produced 
at the higher dose rates. Very high rates of lraA/cm2/sec of 
Ar into Ge substrates have shown(6 8 ) a reduction in lattice 
disorder, although here radiation heating was thought to be 
responsible for epitaxial regrowth during implant.
Probably the most important parameter affecting the 
degree of disorder is ion dose:_Fixing all other variables,
2a
disorder observed in Si and Ge(l2 ) appears to increase 
linearly with dose, until at about ions/cm2 , for most
ions, an amorphous surface region is produced. Other 
parameters, such as energy and crystal orientation, influence 
lattice disorder but.play a greater role.in its distribution 
and will be discussed later.
3.3.2 Numbers of Displaced Atoms
To obtain an estimate of the number of displaced atoms,
an estimate of the amount of energy available for such
displacements must be made. As only nuclear stopping 
contributes to the production of disorder, some ratio of the 
nuclear to electronic stopping of an ion in a crystal must be 
found. From measurements on silicon and germanium carried 
out by Haines and Whitehead(69) (See Figure 3.2), it would 
appear that for e < 8 a large percentage of the incident energy 
is available for atomic displacement.
From the atomic displacement energy V, the number of
displaced atoms N(£) can be calculated using a modified version 
of an equation derived by Kinchin and Pease(70 ). .
.■ (12)
where \> is the energy fraction going into nuclear stopping 
processes. The value of N(E) in the above equations is 
limited by uncertainties which can be listed as
(a) The recombination of closely spaced vacancy - ' 
interstitial pairs.
(b) The spacial variation of Ed due to existing 
damage centres.
(c) The channelling of the incident ion which can 
effect the value of V .
For these reasons the value of N(E) derived from 
equation (1 2 ) should be considered as an upper limit to the 
number, of defects.
N(R) = v .
2Ed
ftoHto
ft<w3o
i
§Io 
oftwaw
Fig .3 .2  Energy lost by nuclear stopping u versus particle
energy e. The dashed line represents the limit where 
all the energy is lost in nuclear processes. Solid line 
is  the calculation of Haines and Whitehead. [From 
Haines and Whitehead!63'],
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In.the determinations of distributions of defects 
a variety of Monte Carlo simulation experiments have.been 
carried out, using either hard sphere collisions or Thomas-Fermi 
models. The most useful of these derived by Sigmund and 
Sanders (71)9 who considered collisions using an inverse power 
law, showed that the mean depths of lattice disorder were very 
similar to values of Rp, the mean projected range. Calculated 
range and damage distributions•for amorphous Ge are shown in 
Figure 3,3 with only slight variations in damage and ion ranges 
being evident. .
By using a power law approximation to the Thomas-Fermi
potential and by neglecting the electronic stopping components,
they were able to derive curves for the ratio of ion to
disorder ranges '.'Rp , versus ^1 , where M-^  and M9 are the masses 
< X > D  M 2  , : .. ;
of incident ion and target respectively. They found that two 
sets of conditions were relevant for different values of £., 
these are shown in branches (1 ) and (2 ) where with (1 ) e < 0 . 2
and for (2) 0.08 < £ < 2. They also derived a set of curves
- 2 2 for the ratio of range to disorder straggling (AR^ )''/'<Ax >D
these are shown in Figure 3.4, also as a function of M2.1- . .
; ‘ . ‘ . Mi
As indicated in Figure 3.4(a) the Incident ion comes to rest
deeper than the mean of the disorder distribution. For light
ions (M-p < M2 ) in heavy targets disorder and range
distributions are similar, while for low energy heavy ions in
light targets the ion range can be almost twice the average
depth of disorder.
In an experimental study of damage Macdonald and 
Haneman(72), from sputtering measurements, found the disorder 
depth increased with ion energy. Their experimental values 
of damage depths agreed well with the calculations of Sigmund 
and Sanders (71 ). Investigations by Davies et a l (73) using 
layer removal techniques found disorder and ion ranges to be 
compatible, with a tendency if anything for heavy thallium and 
bismuth Ions (in silicon).to be deeper than the lattice 
disorder. •
3.3.3 Spatial Distribution of Radiation Induced Defects
Post irradiation annealing of radiation damage produces 
at suitable temperatures, a reordering of the crystal lattice 
by an epitaxial growth from the bulk material. Annealing 
of isolated disordered regions has been found (74 ) to occur 
at relatively low temperatures ( ^ 250OC for Si), while for 
the amorphous phase high temperatures (~ 570°C) are required.
• As the amount of disorder is expected to affect the 
• annealing mechanisms, it has been postulated^ 75) that breakup 
of small damage clusters and the migration of point defects 
occur much more readily for only lightly damaged substrates. 
Completely amorphous material is thought to require break-up 
of large damage complexes into smaller clusters before 
regrowth occurs. This extra process requires further energy 
and thus significantly higher temperatures are required for 
reordering.
Various techniques have been used to study the annealing 
of lattice disorder, such as light particle channelling, 
electrical and photoconductivity measurements, transmission 
electron microscopy, infra red absorption and x-ray 
transmission defraction studies. For information concerning 
these techniques the reader is recommended to read the review 
by Mayer et al( 1 ) .
3.4 Range and Disorder Data for CdTe
In this section range and disorder concepts discussed 
previously are applied to CdTe. The parameters have been calculated 
for various ions in CdTe and are presented in Table 3,2. Of the 
ions presented, the final three and argon have been used in this 
study at the energies shown. Arsenic and aluminium have been 
included to show the changes in e with increasing mass and because 
of their possible future use. as dopants in the material.
Energies were chosen such that the mean of the ranges were 
similar for all ions, although range straggling is grea.ter for the 
light ions due to the larger contribution of electronic stopping..
The mean of ion and disorder distributions are similar but 
broadening of the disorder distribution occurs due to secondary 
collision processes.
.3 *3.4 Post Irradiation Annealing of Defects
Ion
Ene rgy 
E in keV e
in Angstroms -X-
- V ' ■
. -X--X-
HW bd- N(E)XeRp ARp ' R <XD> Axd
Al 50 0.47 546. 354 1412 505 893 41.2 1800 1290
Arf 50 0.30 ‘ 418 249 920 377 620 43.5 1890 1360
As'1" 1 0 0 0.25 468 222 783 407 628 80.0 3500 2490
in+ 1 0 0 0.13 356 146 527 297 306 84.6 3670 2640
Te+ 1 0 0 . 0.131 343 137 498 283 280 87.0 3780 2710 .
Bi+ 1 0 0 0.05 270 84 351 2 2 0 205 1 0 0 . 0 4340 3120
Table 3.2 Range and Damage parameters for various ions in CdTe .
* vis amount of energy, in keV going into atomic collisions. 
"■'s' • • [From Haines and. Whitehead]
** N(E) Number of displaced Cd or Te atoms.
. [From Kinchin and Pease]
Numbers of displaced atoms (see Table 3.2) have been 
calculated using the displacement energies for cadxaium of 5.6eV "V 
and tellurium of 7.8eV obtained by Bryant et al (76 )(77 ) from 
electron irradiation and luminescence studies. They assumed that 
the low values compared to silicon (13eV) were due to the ionic 
nature of the CdTe lattice. Because of this low value, together 
with the larger scattering, cross section, radiation damage was 
expected to be greater in CdTe, with the amorphous, phase being 
formed more readily than in silicon.
Observed disorder produced by heavy ions in both CdTe ( 8  ) and 
Cds( 78 ) show lower amounts of damage tharn expected. No 
amorphous phase has been formed in either material, due it has been 
proposed( 9 ) to the high cadmium vacancy mobility producing 
recombination during implantation.
In conclusion, as no experimental study has been made of 
the ranges of energetic ions in CdTe, it must be assumed that ion 
distributions in the material follow those of Lindhard's 
predictions. However the damage processes may be dramatically 
different from those in the elemental semiconductors. The nature 
of. the bond and the mobility of radiation generated defects could 
be the cause of the significantly lower amounts of lattice 
disorder observed..
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CHAPTER 4 THEORETICAL ASPECTS OF CONDUCTIVITY, THERMOSTIMULATION 
AND ALPHA PARTICLE CHANNELLING MEASUREMENTS
In this chapter some basic theory relating to measurements taken 
for this study will be presented. Relevant parameters for CdTe will 
be discussed where appropriate.
For convenience the chapter has been divided into three sections 
related to the theory behind
(a) Electrical Conductivity and Hall Effect.
(b) Thermostimulated Current Effect
(c) Light particle channelling and dechannelling in crystalline 
lattices.
In the present study of CdTe (b) and (c) have been used to 
investigate the effect of lattice disorder with (a) being used to
detect the net electrical activity of the implanted layers.
4.1 Electrical Conductivity and Hall Effect
4.1.1. Basic Theory 1 '
When a magnetic field B is applied across a
semiconductor at right angles to a flow of carriers I, a
deflection of these carriers is produced at right angles to 
both B and Ii The deflection produces a build up of charge 
across the semiconductor. The magnitude of the potential 
difference V gives a measure of the carrier concentration.
If d is the thickness of the semiconductor then
Rtt.I .B.dV = _H______  .      (1)
P • • • '
where p is the resistivity of the material (in ohm~cms) and 
R is the Hall constant.
The Hall Effect equations have been adapted by Van 
der Pauw(?9) for use with irregularly shaped samples. The 
equations he derived can be used, assuming
(1) The contacts are at the perimeter of the sample
(2) The contacts are small compared to the size of 
the semiconductor specimen..
(3) The specimen is homogeneous in thickness.
(4) The surface of the specimen contains no physical 
holes. .' •
Consider an arbitrary shape (see Figure 4.1) with 
contacts at A, B, C, D. ■
Figure 4.1 Hall Sample of 
Arbitrary shape 
with contacts at 
A , B, C, D.
If a current is passed through contacts A and B and 
the potential measured between C and D we can define a 
resistance such that
Voltage measured between C and D 
PAB,CD Unit current through A to B*
Van der Pauw showed that :-.
ird RAB,CD + RBC,DA „
P = 1^ 2 '  2     •.  (2)
)
Rar ppwhere F is a function of the ratio (tt— . (In thisVKBC,DA' v
study R^g “ R b C DA anc  ^R approximates to one);
When a magnetic field is applied across the sample
in Figure 4-.1 a change in the potential, difference ^BD,AC, 
produced by the interaction of the field and the majority 
carriers, induces a change in resistivity AlUp. TheBjL> #
Hall constant can be derived from :-
RH “ “ * ARBD,AC    (3)
B
From considerations of transport properties it can 
be shown that
r - -r
H iie        W
or
i? =H pe       (5)
where n (or p) is.the free electron (or hole) carrier 
concentration, e is the electronic charge and r is a factor
dependent on the type of scattering predominant in the 
material.
We can define a Hall mobility y^ = jk^j/p (5 )
and combining (3) and (6 ) gives
= Bp* A^BD{,AC .......... .............
Combining equations (4) and (6 ) the carrier concentration 
n is given by
n = r/epyH ........................... (8)
r is a ratio dependent on scattering processes and for most-
3ttcases approximates to unity 6"g~)
1therefore:- n =............... ...................  rgjpeyH ............................ ............. ...
By passing current through A, B, C, and D under 
suitably applied magnetic fields p , n and y^ can be calculated 
from the above equations.
If measurements are taken as a function of temperature 
then as n and y^ depend on scattering processes, variations 
in these parameters with temperature give some insight into 
the behaviour of scattering centres in the semiconductor 
sample. Also it can be shown that for non-degenerate n-type 
semiconductors :-
3 _ p
n = constant, T 5 exp (~ D/2kT) .... . (10)
where is the activation energy of the donor, level, k is 
Boltzmann’s constant and T is the absolute temperature,
„  3
By plotting log. nT 2 against 1/T, the slope (~ED/2k) gives 
a measure of the carrier level in the band gap.
4.1.2 Carrier Scattering and Trapping Mechanisms
The movement of electrons in semiconductors can be 
influenced by lattice or impurity effects, which may produce 
marked changes in electrical conductivity. The mechanisms 
of importance can be divided into two groups
1. Scattering due to impurities or defects
2. Scattering due to lattice vibrations
At low temperatures the first is the more important 
as thermal vibrations can be neglected. Scattering is 
from the Coulomb field around the ionised impurity, (or.defect)
3.
and the mobility of the carrier follows at T 2 dependence on 
tempe rature.
At higher temperatures lattice scattering becomes the 
dominant process. Here the carrier interacts with the
„ 3
thermally vibrating lattice and the mobility follows at T 3 
dependence on temperature.
Besides carriers being scattered by thermal vibrations 
or impurities, capture by traps can occur. Lattice defects 
and impurities can-produce levels in the forbidden gap which 
may or may not act as trapping or recombination centres.
The behaviour of these levels are freqently found to be 
dependent.on Fermi level position and on temperature.
Carriers which are trapped at one temperature may, on 
raising the temperature, be released. The energy required to 
release carriers from a trap is called the thermal activation 
energy. Thus the overail,presence of these levels is to
further modify the behaviour of carrier concentration with
temperature.
4.1.3 Errors Associated with Contact Geometry
Van der Pauw made some estimate of the errors involved 
for various contact shapes around circular samples.
In the case where one of the contacts is of finite
length d along the circumference of a circle diameter D, for
small values of d/D then
^2. « ~d2/16D2ln 2 .      CU)P 1
and Au
—-  = -2d/'n“2D........... ...................................................... (12)
y  •
Where the contact is made perpendicular to the circumference 
^  = ~d2/4D2ln2          (13)p and
2
—  “  - M l *  D    ( i ‘D
mh
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Finally, with the contact lying at a distance d in from the 
circumference,
= ~d2/2D2ln2     (15)P
and
Ay
-  = -2d/DTT    (16)
 ^^  Awhere — —  and are the errors in Hall mobilify and
yH P .
resistivity respectively.
Estimates of the total error in conductivity 
measurements will be discussed in more detail in chapter 6 .
Note The above discussion has dealt with resistivity and 
carrier concentrations of bulk material. - However for implanted 
layers it may be convenient to consider sheet resistivity and 
sheet carrier concentrations. In this case, carrier movement 
is restricted to a very thin surface layer, with the 
effective sample thickness becoming indeterminate. We can 
define a sheet resistivity p as bulk resistivity divided byB
depth and having units of ohms per square. Equation (2) can 
be modified to
n '■ ” Ra b ,cd * rb c ,d a ' ...
s log2* 2    U / ;
ie
Ps " 'd (°hms/Q )
We can further define a sheet carrier concentration 
associated with the carrier concentration in the conducting 
layer. From equations (17) and (9)
n = — --—      0-8)
« v ps
2with the units of ng being carriers/cm .
4.2 The Thermostimulated Current Effect
The Thermostimulated current effect (TSC) (80 ) (81 ) wii;i ch was 
first used to study phosphors, has in recent years been extended 
to investigate electron trapping in photoconductors.
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Consider a photoconductor with a direct band gap 
Eg which contains a single level capable of trapping
i
electrons. This energy level E^, whose distance below 
the conduction band is called the trap depth, can be 
represented by the band'diagram shown in Figure 4.2.
  — i r ------------- „  E c
4.2.1 Basic Theory
''TRAP DEPTH 
Eg .-Figure 4.2
If the photoconductor is cooled such that intrinsic 
conduction is minimised, carriers can be excited from the 
valence to the conduction band by optically stimulating 
with radiation of a suitable wavelength.
With a level at E^ . some of these carriers will be 
trapped and the level ‘fills’ with electrons. On 
extinguishing the radiation, the probability rate P for an 
electron to escape from the level is strongly dependent ’on 
temperature, and follows the relationship
P = V. exp (;^T)    (19)
lcT
where v is an attempt-to-escape frequency for carriers in
the trap, and can be considered as the number of times per
second that a trapped carrier can absorb energy from crystal
phonons, times the transition probability to the conduction
—band.. The term exp ( T ) is the Boltzmann factor
’ kT
representing the probability of a carrier having the 
necessary energy to be freed into the conduction band.
For a direct band gap semiconductor with a single trap 
V = Nc vS
where N c is the effective density of states in the 
conduction band, v is the thermal velocity of a free electron
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and S is the electron capture cross-section o f  the trap for 
a free electron.
Thus by stimulciting the photoconductor at low 
temperatures and then warming, the electron release rate is 
enhanced from the trap into the conduction band. . The 
effect on the electrical conductivity of these released 
electrons can be measured, assuming the density of trapped 
electrons Nx.is not masked by a higher density of electrons 
N 0 in the conduction band. This condition normally exists 
in high resistivity semiconductors having wide band gaps, 
whe re in gene ral hTx >> N o .
For direct transitions from the trap to the 
conduction band the current I produced is proportional to 
the rate of supply of electrons. i-.e.
I =   (20)
dt
where C is a constant dependent on the geometry of the 
photoconductor and n is the electron trap density at time t 
The electron release rate is given by
= - n x P    (21)dt
Thus from (19) and (21) SlE = -nVexp  (ill) .....  (22)
dt ■ kT
or
I = - Cn V exp ( )
kT
Rearranging equation (22) yields
(23)
*1 = - V exp (±1) dt   (24)ii kT
dTsubstituting for d f , where 3 is the heating rate,
and integrating equation (24) over the temperature range 
of interest then
log —  e no
j  exp (-— ) dT ...............  (25)
To
where nQ is the trap density at a temperature T0
From (.25) n = nQ exp [*
Combining (23) and (26)
T I  e x p - < k £ ) dT] .............(2 6 )
o
Cv. n^ 'e xp . [ -
T • ~E -E m
V / jrt-i / Ts
du -  x - exp • • • •  w
o
This equation is the- current-temperature relationship of 
a single trapping level in direct band gap semiconductor, 
and was first derived by Randall and Wilkins(81 ).
The first exponential term in (27) dominates I at 
low temperatures, while the second dominates nearer room 
temperatures. As each has opposite-sign temperature 
coefficients, a peak in the I-T curve is produced whose 
position, if 8 is kept constant, depends on trap depth E-^.
Boundary conditions have been applied to equation (27) 
by a variety of authors [see review by Nicolas and Woods(80)] 
to determine energy levels from I-T curves.
The above equation has been analysed in.terms of the 
the temperature of the current peak maximum T* and the 
temperature T^ - at which the low temperature side of the 
current peak attains one half of its maximum intensity, by 
Grossweine® 82) who derived the simple expression
Et = 1.51 kT1T*    (28)
(T* - T1 )
E» 7^with the assumptions that > 20 and >10 . (These
kX . . .
assumptions will be discussed later for CdTe).
The above equation does not depend on V or 8 , and 
complex TSC curves can be analysed providing that the two 
parametears are constant over each peak.
Grossweiner found less than a 5% variation i n ’trap 
depth when calculations were carried out for theoretical 
levels.. More recent experimental results on Cds(80) and 
CdTe(37) indicate that levels calculated by this method
are in good agreement with those obtained from photoconductivity 
decay measurements.
4.2,2 Heating Rate Variations and Retrapping
By altering the rate of heating of the photoconductor 5 
equation (27) yields a series of current - temperature curves 
which, for a single level in the band gap, produces 
variations of current peak position with temperature.
Booth(83) and Bohun(84), independently, used this variation 
to calculate trapping level position, and a refinement by 
Hoogenstraaten (85,) of their methods led to the equation
log ^ = log kV -    (29 )
(T* ) 2 et kT* ‘
Thus, by measuring T* for various values of $, plots of
log .  ^ against 1/T* leads to a measure to BT . Also
(T* ) 2 .
by integrating the current - temperature curve the total
number of carriers in a level can be determined.
The above equations (19) ~ (27) have been derived under the 
assumption that electrons were not captured by the same 
or shallower traps before reaching the conduction band.
This direct transition assumes that Sr »  ST , where is 
the recombination cross section for trapped carriers into 
the conduction band and S-p is the trapping cross section 
for the electron in the trap. Under these conditions 
the'transition to the conduction band is called 
'monomolecular1 recombination.
When SR < ST then retrapping occurs, a change in 
the I-T curve is noted, (see Figure 4.3 over) and the process 
is called 'bimolecularf recombination. .
The process for S,j* = SR was investigated by Garlick 
and Gibson (86 ) who found that an important feature of. 
bimolecular recombination was that the temperature position 
of the peak maximum was dependent on the extent of trap 
filling. For the monomolecular case no such dependence is 
observed. • ' •
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Figure4.3 I. -T. curves with identical values of E, 
and j8 under monomolecular conditions 
(curve A) and bimolecular conditions (curve 
B). [From Nicholas and Woods ( 80 ) J
4.203 Thermal Cleaning
After attaining curves containing more than one
peak, difficulties can arise due to peak overlap. This 
produces errors in determining T-*- for use in Grossweiner *s 
equation. By applying the technique known as thermal 
cleaning, first used by Randall and Wilkins(81)} the low 
temperature portion of an individual peak can be 
investigated. The technique involves a rapid cooling of 
the sample at a point just after a pealc maximum. On 
reheating the pealc is not reproduced and the next higher 
temperature peak is accurately displayed.
Thermal cleaning relies on the emptying of shallow 
traps which, after cooling and then reheating, contribute 
no carriers to the detrapping current. By ’quenching* a 
complex glow curve at suitable points, a series of peaks can 
be analysed.
4.2.4 Applications to CdTe
Because of its low intrinsic conduction and the 
existence of discrete levels semi-insulating CdTe exhibits 
a pronounced Thermostimulated current effect.
With the CdTe used in this study, high resistivity 
was achieved by compensating shallow In levels with deep 
native acceptors. It was not known how these shallow 
levels altered the trapping cross sections of deeper traps.
Analysis of the TSC curves from CdTe was by the 
use of Grossweiner’s equations (Bq.28). This was used 
because :-
(a) T* was found to be independent of electron
1 trap density, meaning monomolecular recombination
and hence Grossweinerfs equation was applicable.
(b) Energy levels calculated using the equation by 
Hoogenstraaten (Eq.29) agreed well with those 
calculated by Grossweinerfs equation.
Erj, y
Grossweiner1s assumptions of —  > 20 and > 107 for CdTe 
are justified with _
%  = 30 and ~  »  107 , V being >109 sec” 1 at 300°C ( 2 )
kT 9 • • ;.
. and 3 being of the order of 0 .1oIC/sec. •
The TSC effect has been used in this study to detect 
levels introduced into the band gap by heavy ion disorder.
-. Levels detected are those which trap and release electrons 
under various conditions of temperature. Levels can be 
induced by bombardment which do not show this effect, or may 
have a low trapping or recombination cross sections.
Very deep ( >0.5 eV below Ec ) or very shallow levels 
(< 0.1 below Ec ) will not be detected by this method as the 
temperature limits of the experimental arrangement restrict 
the portion of band gap analysed.
In conclusion, for levels which are detected, the 
Thermostimulated current technique yields information on the 
trap depth and density and can give an insight into the 
electrical effects of ion damage in CdTe.
4.3 Light Particle Channelling Considerations
As was mentioned in Section 3,2, energetic ions impinging at 
less than a certain critical angle to a crystal low index direction, 
will be steered by the lattice to produce enhanced ion penetration. 
This phenomenon is called ion channelling.
Particles are channelled in a crystal lattice by a 
series of glancing collisions with a row (axial channelling) 
or a plane (planar channelling) of atoms. Lindhard(61 ) 
proposed that the potentials of individual atoms in a row 
could be replaced by a 'string1 potential, with lattice atoms 
having fixed static charges.. This string potential is an 
inverse function of interatomic separation and thus is 
stronger for the more closely packed rows in the lattice. 
These rows form the boundaries of the most open channels which 
in the zinc-blende lattice are the <110> , <L11>, and <L00>
directions.
The motion of an ion in a channel can be described in
terms of a transverse potential which produces an oscillating
ion path, whose amplitude depends on the entrance angle of the
ion. We can consider a minimum distance of approach (Rmxn )
to a row, when ions interact closer than Rmin , the transverse
energy of the particle becomes greater than the restraining
potential of the row and the ion leaves the channel. It has
been suggested(1 1 )that Rm^n is of the order of the atomic
screening distance ( 0 „ 1 - 0 . 2  R) or the thermal vibration
amplitude of a lattice atom at room temperature. .For lattices
having low thermal vibrational amplitudes the Thomas-Fermi
screening radius a [(see equation .3 (1 )] can be used to
give a value of R . ,^ m m
The movement of ions entering a lattice depends on 
the angle the incident ion makes .with a channelling direction. 
This is illustrated in Figure 4.4, where ions with angles 
greater than are not channelled. This critical angle
\j)c varies inversely with energy and Is equal to
2Z1Z.e2 | ’
if) = cliJl « a- (:-------) 2   (30)
Ed
assuming ±  .
4.3.1 Basic Channelling Theory
where d is the spacing between atoms along the channelling
(a ) OBLIQUE INCIDENCE
Fig, 4 ,4  Schematic representation of ion tra jectories fo r axial 
channelling. The crystal lattice is represented as a 
set of atomic ’strings1 of radius ’a ', i . e . , shaded area.
(a) Trajectories of various ions as a function of angle. 
Those with angle greater than \[sc are n° t channelled.
(b) Trajectories for paralle l incidence as a function of 
impact position.
Fig. 4 j5  Principles of dopant-atom detection by means of back- 
scattering. An amorphous silicon substrate, containing 
a small fraction of heavier atoms (e.g. , antimony) in 
the surface region, is bombarded with helium ions of 
energy E0. The lower part of the figure shows the result 
ing energy spectrum of scattered particles. [Modified 
from Mayer et al( 1 )].
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direction, E is particle energy, Z-^  and Z^ are atomic numbers 
of incident ion and target respectively and Oty is a constant, 
dependent on temperature. For high energy light particles 
( e > 4), tty is typically about*one degree.
The above equation holds for energies down to about 
200 keV, below this t|Jc' is given by
caifo ,
+c “ “ °2 (T J d y '  .......    (31)
where C « /3, and “ a 2*
From.'.:..(30) varies inversely with d thus for low index 
directions where the lattice spacing is small,; the critical 
angle becomes comparatively large. Similar expressions can 
be derived for channelling along low index planar directions 
• although critical angles are much smaller,.
4.3.2 Stopping of Channelled Ions
As has been mentioned previously (section 3,1), the
dominant stopping processes for high energy (~ MeV) light
ions in a solid, is electronic stopping. In a random
direction the stopping power (Si^ L) is given by equation -3 -(5).
dx e
However in a channel the stopping power (£®) is somexvhat less,
• • . dx e
due to an effective reduction of the electron density along
the ion track. For ions travelling near the channel centre,
(— ) is in the order of 0.3 - 0.6 (i®i) (87), To estimate
dx e dx e
the average stopping power of a channelled beam a higher value
must be considered, as ions whose trajectories have large
amplitudes interact with regions of higher electronic density.
Mayer et al( 1 ) have suggested an average stopping power in a
channelled direction of the order of 0 , 7  (_4§:) and from
/ \ dx e
measurements by Brigh^i/ this value appears to be realistic.
This reduced stopping power will be considered later in
determinations of depth•resolutions of detector systems.
Besides slowing down by electronic interations, 
channelled ions suffer wide angle collisions which ..can result 
in ions leaving the channel. This effect, called dechannelling, 
can be caused by a single or multiple collisions and results
in an Increase in "the random component of the beam. In most 
cases single scattering can be ignored and dechannelling can 
be attributed to multiple scattering due to :-
lattice defects
(2 ) interstitial impurities
(3) lattice vibrations
Any or all of these can interact with the channelled particle 
producing an increase in the random fraction of the incident 
beam. Also as the ion penetrates the crystal, its velocity 
decreases arid hence the number of collisions and thus the 
dechannelling increases.
From Lindhard's concept of string potentials, the 
force holding ions in the channel is inversely proportional 
to the interatomic spacing. Thus for crystals having open 
lattices string potentials are weak, resulting in enhanced 
dechannelling effects.
4,3,3 Lattice Disorder Assessment by Particle Channelling
When a beam of particles energy B0 impinges on the 
surface of a crystal a small fraction is scattered at a large 
angle to the incident beam. For small angular dispersions 
at wide angles, the angular dependence of the fractional energy 
loss is small and the back scattered particle energy is . 
chiefly dependent on losses due to interactions with the 
crystal. Energy analysis of ions incident in a non-channelling 
direction produce spectra similar to the one shown in Figure 4.5 
for silicon.
The sharp increase at E1 is due to elastic scattering 
from the silicon surface such that
E1 = ks2BG         . (32)
where
MUcosQ + (Mo2 - M 1 2 sin2© )§ _ '
k s ~      -  ) 2 ...... (33)
M1 + M2
and are the atomic masses of incident ion and target 
atoms respectively, and ©s is the angle the incident beam makes 
with the baclcscattered beam. (In the system employed here 
©s = 150°). Heavy elements near.the surface of light
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substrates will have a larger value of lcs than the substrate, 
and hence will appear at higher energies in the.backscattered 
energy spectrum. This is illustrated in Figure 4.5 for 
antimony on silicon where the peak at BM is due to particles 
scattered from antimony atoms. Thus, from wide angle 
backscattered energy spectra surface impurities can be 
detected, provided these are heavier than the host material.
The backscattered yield from a solid is dependent on 
the total number of atoms N per unit volume each having a 
scattering cross section 0 which interacts with an analysing 
beam of flux density'/-2. A reaction rate RR (or yield/sec) 
can be defined as
RR = NGifr        (34)
Here O is the Rutherford Scattering Cross section given by
0 = 1.3xl0~2 7 2 M r kM2 h cm2/Sr .. (35)
\ ) \------- ) r  :  1
E M2 Lgin4.S s . J
. ' ' ( 2 - } 
where M-^  & are the atomic masses of incident and target 
respectively.
Consider now, when a beam (^) of low angular 
divergence is incident in a channelling direction, as shown 
schematically in Figure 4.6. A fraction of the beam will 
be scattered by surface atoms into the random beam, while 
the majority penetrates deep into the crystal. The incident 
beam interacts with fewer numbers of atoms thus N in , . "
equation (34) is reduced producing a reduced yield. This, 
reduction is about 95% for good single crystal material.
For an atom (marked x in Figure 4.6) sitting outside the 
screening radius, beam-particle interactions can cause 
dechannelling and the random fraction of the. beam is increased.
When a large concentration of such interstitial atoms 
are sitting near the surface of a crystal, a situation which
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exists in as-implanted semiconductors, a large amount of 
dechannelling occurs. If the depth of disorder is small 
( "300 $) compared with the range of the channelled particle 
(^ microns) a significant fraction is still aligned after 
passing through the layer. This fraction produces a yield 
attenuation at depths greater than that of the damaged layer.
A peak is obtained on the backscattered channelled spectrum 
whose width gives a measure of the depth of the disorder, and 
area a measure of the number of atoms displaced. A typical 
backscattered spectrum from disordered material is shown in 
Figure 4.7. " . • . '■ •
4.3.4 Atom Location
Impurities, which are heavier than the substrate and 
are randomly distributed near its surface, produce similar 
impurity peaks in both the random and channelled backscattered 
energy spectra. Xf some of the heavy atoms sit on host 
lattice sites (as atom o in Figure4.6) the channelled beam 
is not scattered by the atom and the impurity pealc in the. 
channelled spectra is attenuated.
Impurity x, which is sitting in a 1 regular interstitial' 
position, produces attenuation in the BB direction but not .. 
in the AA direction. Thus in principle, for heavy impurities 
in light hosts, channelling along two or more crystal 
directions can reveal which site the impurity occupies.
This simple picture can be masked by .the phenomenon 
known as flux peaking (88)(89). Atom location relies oh the 
fact that the channelled beam flux is constant across a 
channel. However as a consequence of the general rule of 
spatial averages proposed by Lindhard(61) and the fact that 
most particles entering a channel have low transverse energies, 
pronounced peaking of the flux in the channel centre is observed 
The magnitude of this peaking.also depends on beam penetration 
depth, beam collimation, crystal alignment, lattice disorder, 
and the presence of surface films. The effect appears to be 
most pronounced for very heavy ions.in light substrates such as 
Yb, Z r , and T1 impurities in silicon(87)(90) .
For CdTe, the collimation of the channelling system,
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and the shallow depth of all implants ( "'400 R) were thought 
to minimise the effects due to flux peaking.
4,3.5 Defining Parameters for Lattice Disorder
For well defined damage peaks, where the dechannelled 
fraction of the beam is small after passing through the 
disordered layer, an assessment of the amount of disorder can 
be obtained by measuring the peak area A shown in Figure 4.7. 
However for materials which dechannel readily or have large 
amounts of near-surface disorder the damage peak may be 
smeared out. In this case a disorder parameter D is defined*, 
and can be found from values of yield behind the damage peak, 
such t hat : -
D = (YD ■ YA )/(YR - YA ) x 100% • • • • • • ■ • • • • • • • • •  (36)
where yr > y d and are the yields measured as shown in 
Figure 4,7*
The value of D gives a measure of the amount of 
dechannelling produced by a disordered layer. For a 
particular direction the dechannelling is assumed to be 
proportional to the amount of disorder in the layer and hence 
D is a measure of this disorder. With perfect single crystal
material another parameter Xmin used- defined as
Xmin = YA/(YR -Ya )   .. (37)
where here YA is due to. the scattering from surface atoms.
This aligned yield can be obtained from the crystal area 
presented to the beam such that
X . = ifNd R2 -'; ;     C38)m m  m m
where d is the interatomic spacing, N is the atomic density 
and Rman the effective atomic screening radius.
The parameter D is affected by atoms displaced greater 
than the screening radius from a channel ‘string1 and significant
[ * A similar parameter has been used by Bisen and Welch(67)]
changes will only be observed when about 1% of the surface 
atoms are lying away from their lattice sites. Hence D only 
gives a crude estimate of the quantity of lattice disorder.
4.3.6 Depth and Mass Conversion of the Energy Spectrum
To. convert energy into depth, the stopping power in 
the random and aligned directions must be known. From an 
equation first derived by Bright 11 ) it can be shown that
AE = At fk 2 (S^) + (2^) * ] ........   (39)L s dx e 'dx ,'e cos 9 0B
where AE is the change in energy of particle travelling
dEthrough At of material, (___2.) is the stopping power of the
dx
incident particle and kEty t-he stoPPing power at
depth t . The angles Qj' and Qg are the angles the incident 
and emerging beams make with the surface normal.
The above equation is normally applied to .calculate 
depth resolution of detectors where A e  is the equivalent 
energy resolution and E^ is made equal to El. The depth 
resolution in a channelling direction is modified due to the 
lower stopping power in this direction,
.. From equations (32) and (33) the energy scale can also 
be converted into a mass scale provided impurities sit on or 
near the material’s surface. Thus carbon, oxygen and 
nitrogen have been detected in the aligned and random 
babkscattered spectra from silicon(1 2 ),
Both depth resolutions and mass scales are calculated 
for CdTe in the following section.
4.3.7 Channelling Parameters for CdTe
For channelling in single crystal diatomic materials(91 ) 
such as CdTe, string potentials can be considered in a similar 
way to elemental semiconductors having an atomic number
^ = ^Cd * YTe ( = 50). Using the value of lattice parameter 
2
of 6.481 R and mean atomic number (Z ~ 50) parameters such as 
the theoretical Xman and critical angles for channelling have 
been calculated. .These are shown in Tables 4.1 and 4.2.
Table4.1l Calculated and Observed Values of X" • Tor/ v . Tuinvarious semiconductors in the <1 1 0/ direction 
[from Picraux S. T., Phys. Rev. 180, p873-82, 1969]
Crystal Projectile Theoretical
Estimate of X  •. /vmin
Measured
Value of Y  .A  m m
Calculated
using
Vibrational
Amplitude
Calculated
using
Thomas-Fe rrai
Screening
Radius
Si He+ 0.005 0 . 0 2 0.03
Ge He+ 0.005 0 . 0 1 0.03 .
GaP He+ 0.004 0 . 0 1 0 . 0 1
GaAs He+ 0.005 0 . 0 1 0.04
CdTe He+ 0.006** 0 . 0 1 0.03*
* Value obtained during present work from modified Bridgman
grown detector material, obtained from Hughes Research Labs.
** Value of vibrational amplitude from Sirota, N. N. and
Yanovich, V. D. , Chemical Bonds in Semiconductors and Solids, 
Consultants Bureau, New York, 1967.
Table 4.2 Critical Angles for various ions and 
energies incident along the <I10> , 
<il3) and <i0C|> directions in CdTe.
y c in degrees
Ion Ion Ene rgy <iio> <iu> <loo>
. H+ 1.5 MeV 0.84 0.84 0.78
He* 1.5 MeV 1.19 1.19 0.97
Ar+ 50 ReV 3.42 3.42 3.16
In+ 1 0 0 ReV 3.62 3.62 3.40
Te+ 100 KeV 3 .84 3.84 3.61
Bi* 100 KeV 4.83 4.83 4.54-
Table 4,1 compares the theoretical and measured values 
of Xmin CdTe with other compound and elemental 
semiconductors. In all cases measured values are higher than 
calculated; a result possibly due to significant defect 
densities in real crystals.
Table 4.2 compares the critical angle for channelling 
for various light and heavy ions. The ions and energies 
chosen here have been used in this research.
Critical angles are similar in the <110> and <L11> 
directions but are smaller in the <1 0 0 > direction due to its 
narrower effective channel width. For the heavier ions, 
crystals were normally misaligned off-channel before implantation 
to values greater than those shown above.
In the depth conversion of the energy scale for light 
particles (H , He ) in. CdTe, stopping powers for randomly 
orientated crystals have been derived by extending the 
computer programme used by Johnson and G i b b o n s (62). Energy 
resolution of the surface barrier detector ( = 15 lceV) was 
calculated from measurements from thin gold films ( ~150 S) 
on.aluminium. For fixed amplifier settings an energy/channel 
conversion ratio of 1.6 keV/channel was obtained from these 
measurements.
For a beam at normal incidence ©j = O and Gg. = 30° then 
for depths just behind the surface edge [from equation (3 9 )]
AB - At (421.0.886 + 386. yr) lceV/micron 
using the values of
dE0
(-— ) = 421 keV/micron 'dx 'e
for . 5 MeV He' into CdTe
dE1(~~ -)e = 386 lceV/Micron
and k s 2 = 0.886 (calculated for T e )
The above expression yields = 818 keV/micron 
now as 1 channel = 1 . 6  keV using AB = 818 x At keV, then 
1 channel - 2 0 R ,", the depth resolution of the detector 
for He ions in CdTe is
53
Similar calculations for hydrogen ions reveal a depth 
resolution of 2 2 0 0. R.
1For depth resolution in channelling directions (dB )
dx e
~ 1must be modified to 0.7 /dB * However for most cases
'dx 'e
the random value of the depth resolution is a good approximation 
as just below the surface, disorder approximates the 
channelled stopping to the random.
From calculations of k for various elements in CdTes
such as Cd, Te, and Bi, using 1.5 MeV He ions these elements 
scatter alpha particles (at 150°) with energies of 1.313 MeV, 
1.334 MeV and 1.397 MeV respectively. For a detector resolution 
of 15 keV the peaks produced by Cd and Te interstitial atoms 
are just resolved (See Figure 6.7 chapter. 6 ). As the 
energy/channel conversion is 1.6 keV/channel, Cd and Te are 
separated by 13 channels and Bi and Te by 40 channels.
■ Thus the energy scale for CdTe spectra can be readily 
converted to a depth and mass scale using the above criteria.
CHAPTER 5 EXPERIMENTAL PROCEDURE
This chapter, which is divided into three sections, describes the 
preparation and. contacting of CdTe specimens, isochronal annealing 
studies and the experimental equipment and its use.
5.1 Sample Preparation and Electrical Contacting 
5.1.1' Sources of Material
Single crystals of CdTe were obtained from various 
sources, with their size, growth methods and electrical 
properties differing widely. Information concerning all the 
crystals obtained is presented in Table 5.1.
The three conical end pieces A-^  , A 2 and A 3 obtained 
from Hughes Aircraft contained large amounts of twinning and, 
as it was assumed that high defect concentrations existed 
at the end of these ingots, they were only used for initial 
preparation studies.. Three ingots were obtained from the 
UoSoS.R. and these, although of a more brittle nature than 
the Hughes CdTe, were found to be better crystalline 
material. Due to the time available only a preliminary 
materials assessment could be given to the Karlsruhe and 
;Hughes detector material. In both cases these showed good 
crystallographic and electrical behaviour with temperature.
5.1.2 Cutting and Dicing
Because of its brittle nature and tendency to cleave 
readily along the (111) plane, CdTe could not be sliced 
using diamond wheel saws. A continuous wire saw 
(Lasertec Model No.2005A) was used with ingots of CdTe being 
encapsulated in Apiezon W wax. The saw sliced by the action 
. of a continuous Be/cu wire lubricated by SiC (50 y grain size)
slurry, and had a cutting time for a 3 cm diameter ingot of 
about four hours. Faster cutting was achieved ( ~ \ hr ) by 
using diamond impregnated wire, with a light lapping oil as 
lubricant. Wire lifetime however was found to be short which 
because of saw design, resulted in a large wastage of 
impregnated wire.
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Slices were cut and after polishing, diced. Before 
dicing the unpolished faces of the slices were examined under 
a polarising microscope to detect twinned sections. After 
marking these areas with indelible, pencil, samples 5mm x 5mm 
were diced from the single crystal material. Photographs of 
as-cut and polished Horiz. z~ref. material are shown in 
Figure 5.1. For the Hughes detector material and the slice 
from Karlsruhe, both being polished, cutting and dicing as 
shown in Figure 5.2 produced 6 and 12 specimens respectively.
5,1.3 Polishing and Etching
Crystals grown by various techniques were etched using 
standard etchants(92 ^ besides various mixtures of bromine in 
methanol; a chemical polishing solution used extensively for 
GaAs(93) and recently reported used for ZnTe(94), A summary 
of the results obtained and the etching conditions are shown 
in Table 5.2. Most etchants produced either a black, white 
or grey film on the surface, which was thought to be due 
to excess tellurium(95 ), cadmium, or a mixture of both.
Bromine in methanol was found to produce chemical polishing 
in all materials apart from the low resistivity Horiz. Z-ref. 
ingot, where excess cadmium was formed. __
For bromine in methanol etches, concentrations of. 
bromine greater than 5% produced a rippled finish to the CdTe 
surface. Under 1000 x magnification, using a scanning 
electron microscope (Cambridge Stereoscan 2A) this finish 
appeared to be due to small mounds and pits of arbitary shape. 
Also with the most carefully etched samples ‘pealc to valley* 
surface amplitudes were of the order of 20 0 S - as measured 
using a Talystep (Model No, 1).
By masking suitable aareas of polished material with wax, 
etched steps were produced on the surfaces of various CdTe 
samples. These steps were measured with the micrometer head 
of a Talystep, while for fine measurements (using baromine in 
methanol solutions of 0.01% bromine) the Talystep instrument 
itself was used across the stepped surfaces. Results of 
etch studies are presented in Chapter 6 .
Fig 5.1 Slices of Horiz. Z-ref. CdTe (a) as sawn and (b) polished 
in 5% bromine in methanol
(a) (b)
Aluminium 
contact
Specimen diced along line
Aluminium 
film  over whole 
back face
Fig 5.2Schematic diagram of la) Vert. Z-ref. c rys ta l from Karlsruhe and
(b)theMod. Bridg. grown de tec to r from  Hughes, showing the  
method of dicing sam ples fo r im p lan ta tion  s tu d ie s  [ For 
sample dim ensions see te x t]
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The CdTe obtained was found to exhibit n-type 
conductivity, or to be of such high resistance that effective 
conductivity measurement was not possible. Ohmic contacts 
were therefore restricted to Groups III and VII of the 
periodic table and of these, aluminium and indium were used 
as others(4 )(24) had achieved success with both. The methods 
employed to obtain contacts to etched CdTe were :-
(a) Alloying contacts
Indium segments were placed on the corners of 
5mm x 5mm samples and heated in an atmosphere of dry 
hydrogen for 2-3 minutes at a temperature of 220°C;
40°C above the melting point of indium. As has been 
reported by Segall(25) the molten indium appeared to 
have to break through a surface film before contacts 
could be obtained. The contacts produced were 
localised and no change in the surface state of the 
material was noted. Low resistance contacts were 
consistantly achieved by this method on both Tow 
resistivity Mod. Bridg. and Horiz. z-ref. CdTe.
(b) Evaporation of contacts ...
Evaporated films of aluminium and indium were
deposited on masked n-type cadmium telluride. Indium 
was evaporated from a molybdenum boat or a tungsten wire 
filament using a standard Edwards evaporator (Model.No.3A ). 
Prior to evajsoration the surface of the material was 
sputter-cleaned using argon ions. Due to the low 
melting point of indium (186°C) evaporation was rapid 
and difficult to control, but good low resistance 
non-rectifying contacts were produced in about*. 90% of 
the samples contacted. •
For aluminium films it was found, due to the higher 
melting point, that the evaporation rate was 
controllable and thick films ~ 20 0 0 R were deposited on 
the surface. Less success was achdeved with aluminium 
however, where only about 20% of the contacts were found 
to be of low-resist.ance.
In the case of both aluminium and indium, samples 
not sputtered clean, failed to produce low resistance 
contacts.
.5.1.4- Electrical Contacting to CdTe
A 59»
The two methods described were used extensively to 
produce contacts to implanted material. However the technique, 
of ion implantation itself was used in an attempt to produce 
contact areas.
Implantation of semiconductors with dopant ions can 
produce low resistance areas, after suitable annealing.
Modified Bridgman n-type CdTe was implanted with 20 keV In 
ions from the University of Surrey 150 lceV accelerator(9S).
Doses of 1012 and lO1 *3 ions/cm2 , at a beam current of 0 .7 yA, 
were implanted in a non-channelling direction producing pealc 
indium concentrations of 1 0 21 and 1 0 22 ions/cm2 at a depth of
110 K.
Annealing of the samples, in a nitrogen atmosphere for 
one hour at 500°C, produced a reduction in contact resistance 
from IMohm to lOOkohms and 701cohms for the 101 2 and 101 ^ ions/cm2 
implant respectively.
Further annealing was not possible, as above 500°C the 
outward diffusion of cadmium and thermal etching, produced 
erratic surface properties.
Bismuth and In have been implanted into semi-insulating 
CdTe to investigate implanted layers. The results from these 
studies will be presented in the following chapter.
Besides the above three contacting methods, the 
techniques of deposition of gold from solution and spark 
discharge were tried with neither producing satisfactory results.
2 Annealing Studies on CdTe
Annealing of as-implanted semiconductors produces 
recrystallisation of the radiation damaged volumes, and gives 
energy to the implanted ion to move on to substitutional sites. 
Ions on these sites produce electrical activity associated with 
ionised donor or acceptor impurity doping.
For materials such as CdTe, annealing also produces 
movement of compound components and it has been found;( & ) that 
Cd above 500°C escapes from the surface of the material leaving 
a volume rich in cadmium vacancies. The effects of annealing
above this temperature are illustrated in Figure 5.3, where samples 
were heated for Jr hour to temperatures of 550°C, 600°C and 700°C 
in an argon atmosphere. The clear areas are polished and damage
free while the dark grey areas, which appear to grow with temperature 
are thought to be due to a surface layer of cadmium. In the 
final figure surface irregularities are due to thermal etching, 
a characteristic which is similar to that observed for cadmium 
sulphide(97).
Because of this out-diffusion two types of annealing systems 
were used. For ease of operation, at temperatures of 300°C and 
below, samples were annealed in an argon gas stream.
Here specimens were placed face down on a CdTe boat sitting 
in a quartz tube furnace such, that a volume of Cd and Te was in 
contact with the surface of interest. The entrance and exit of 
the tube were restricted to allow an in-flow of inert gas and to 
keep backstreaming of air to a minimum. For isochronal annealing 
studies, the specimen and boat were moved through the hot zone by 
means of a steel rod pushed through an airtight seal.
Above 300°C specimens of CdTe were sealed in preheated (to 
remove H20 vapour) quartz ampoules under a pressure of 10~5 torr. 
Annealing was carried out in a tube furnace and surfaces at 600°C 
showed little of the staining that occurs after argon gas annealing 
at these temperatures. Above 600°C rapid deterioration of the 
surface took place and at 700°C the samples became similar to that 
shown in Figure 5.3 (c).
In an attempt to retain cadmium and to prevent surface 
deterioration above 700°C, samples from various ingots were 
encapsulated in silicon dioxide Si02 . This was produced in a 
system, similar to that reported by Goldsmith and F e r n ( 9 8 ) ,  which 
relied on the pyrolitic oxidation of silane gas. In all cases 
samples annealed under vacuum or argon atmospheres to 700°C showed 
marked surface deterioration, with little or no evidence of the 
SiOg layer remaining.
From studies carried out by others( 6 )( 9 ), it appear? that 
to anneal above 700°C a two-zone furnace arrangement .is required, 
with the sample being annealed while under saturated cadmium 
atmospheres.
Fig 5.3 Effects on surface of Modified Bridgman grown CdTe a fte r 
heating to :-
(a)550#C in argon atm osphere for \  hour -w h ite areas 
polished material.
(b)600°C in argon atmosphere fo r | h o u r-d a rk  areas 
thought due to out d iffused material.
(c)700°C in argon atmosphere f o r i  hour-irregu la rsu rface  
thought due to therm al etching.
All photographs taken under x200Mag.
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•2 Experimental Equipment and its Use
5.3.1 The Hall Effect Apparatus
From Chapter 4 it was stated .that from variations of 
carrier concentration and mobility with temperature, ionisation 
energies and scattering mechanisms for carriers in a semi­
conductor could be determined. A Hall Effect system was 
used(99) to measure these variations over a temperature range 
from 77° to 300°K..
Samples were mounted in a cryostat which held specimens 
of up to 3cm diameter and specimen contacts were soldered or 
silver painted to thin copper wires. The cryostat consisted 
basically of a hollow copper cylinder which could be internally 
cooled while its external area, .to which the specimen was 
attached, was held at 10 - 2 torr. The vacuum, was maintained 
to reduce thermal conduction and to prevent the condensation 
of water vapour on the sample at low temperatures,.
After attaching the sample, the cryostat was mounted in 
a small vacuum chamber which sat between the pole pieces of a 
5 kilogauss magnet. An automatic switch sequence was used 
which allowed current to flow, via P.B.T. vacuum connectors, 
through the specimen contacts. The magnetic field was applied 
and removed while currents flowed through appropriate sets of 
contacts. Specimen currents from 10 pA to 10mA were obtained 
from a current source having a long term stability of 1 part 
in' 10^, while the magnet was supplied from a lOamp 50v supply 
of similar stability. The potential differences generated 
across the contacts were measured using a digital voltmeter 
D.V.M.
The D.V.M. was also used to measure the specimen 
temperature by recording the output of a copper constantin 
thermocouple. The cold junction of the thermocouple was 
attached near the sample, while the reference junction sat in 
an ice bath strapped to the outside of the cryostat. A 
photograph of the cryostat mounted on the vacuum system is 
shown in Figure 5.4. .
To measure mobility as a function of temperature, the 
excess liquid nitrogen was removed by a hot-air blower, after
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which the sample was warmed by heat conduction down the cold 
finger. The switching sequence was repeated as the sample 
warmed, with the temperature recorded at the beginning and 
end of each sequence. Measurements were terminated at room 
temperature.
5.3.2 Therraostimulated. Current (TSC) Apparatus
‘ . A liquid nitrogen cryostat (also shown in Figure 5.4) 
of the same type as the Hall Effect cryostat was used and the 
vacuum system for both experiments was shared.
Specimens, contacted on opposite corners, were mounted 
on a sapphire block (for good heat conduction) which was 
clamped to the outside of the copper cold finger. Thin 
copper leads were taken from the specimen, via a Be/Cu contact, 
to P.E.T. vacuum lead throughs. Connectors from these went 
to a l|r volt ’drain’ battery in series with an electrometer 
(Keithley, Model 602), whose 1 volt full scale output socket 
was used to drive the Y axis on an X-Y recorder (Bryans 
Model 20170/S). The specimen-electrometer system, by using 
P.T.F.E. insulation, had a 10^  ohm isolation from earth.
The X axis of the recorder was driven from the output 
of a thermocouple whose junctions were located, as with the 
Hall equipment, near the specimen and in ice. Warm up rates 
for the cold finger could be altered by varying the power to a 
40 Watt cartridge heater attached to the base of the finger. 
Power for the heater was fed from a d.c. supply, via lead 
throughs, into the cryostat.
After mounting, the specimen and cryostat were lowered 
into the cryostat base into which was set a quartz window.
The system was arranged such that light from a 250 Watt tungsten 
filament bulb, positioned outside the cryostat, fell onto the 
specimen. As with the Hall experiment the specimen was held 
at 1 0 “ 3 torr by a 2” diffusion pump vacuum system.
Adding liquid nitrogen at a pressure of 10“E torr caused 
the specimen current, as monitored by the electrometer, to fall 
below the isolation current ( 10"*-1-2 amp) of the system.
After removal of excess nitrogen, power was supplied to the
cartridge heater and the specimen temperature rose towards 
ambient. The heating rate (maximum of 0.24oIC/sec) was 
uniform and controllable over the temperature range 77°K - 300°K. 
During warm up, a plot of specimen current against temperature 
was recorded on the X-Y recorder, which after no illumination, 
was the 'dark current' plot.
On recooling to 7.7°K, the specimen circuit was 
disconnected (to avoid current draining during illumination) 
and the sample optically stimulated. A stimulation time of 
15 minutes was used, as trap saturation was not attained 
using shorter periods. After illumination the window was 
sealed, the circuit reconnected and the specimen again warmed. 
During warm up a 'light current' plot was recorded.
To obtain results which were reproducible specimen 
resistances had to be greater or equal to 108 ohms. Samples 
with lower resistances produced dark current plots which 
masked peaks due to trapping levels. When peaks were 
detected, 3 or 4 light current plots had to be taken before 
consistency was achieved.
5.3,3 The Light Particle Channelling Apparatus
Energy analysis of backscattered ions from random and 
crystal channelling directions reveal information on the amount 
and distribution of lattice disorder. To channel an ion any 
system must meet the following conditions
(a) A source of high energy light ions for good 
penetration and low disorder generation.
(b) Good energy and current stability of the particle 
beam.
(c) Low beam current density at the sample, normal 
values being about 5 nA/sq.cm.
(d) Good collimation of the beam at the sample, 
collimations of greater than V T O 0 are normally 
quoted (11 ) .
(e) Small beam cross-section of uniform density.
\ 64.
(f) An.aligning system to accurately present low
index directions to the analysing beam.
The system described below, which was partially 
designed by the author to meet these requirements, can be 
considered under three headings :
1, The beam line and collimation system.
2, The goniometer and its associated equipment.
3, The backscattered particle detector system.
5."3,3.1 The Beam Line and Collimation System
Light ions (H' , He' ) from a 2 MeV Van de Graaff 
generator appeared from a virtual point source, whose 
position could be altered by -variations of focus control 
voltage. The machine ran in the defocused mode to 
keep current densities to a minimum as seen by a series 
of apertures placed along the beam line. . A schematic 
diagram of these collimating apertures is shown in 
Figure 5.5 below. The apertures served the dual role 
of removing unwanted beam current and producing the 
required solid angle at the sample.
FIG 5.5 A P ER T U R E  S Y S T E M  FOR CHANNELLING 
B E A M  LINE
Between apertures A and B, the beam was deflected 
through 17|r0 by a 1.2 Tesla H 0V.B0C. magnet of a mass- 
energy product of 24 amu-MeV. . The magnet coil current 
(maximum 10 amps at 300 volts) was stable to one part 
in 1 0^ and its value was used as an energy reference. 
Feedback slits, directly after the magnet, fed signals 
via a differential amplifier to the Van de Graaff for 
energy control. A number of baffles were inserted in 
the line to eliminate unwanted beam scattered from 
beam tube walls. Also in the line were a number of 
removable beam viewers and after the final aperture a 
liquid nitrogen trap could be inserted to remove any 
contamination from cracked hydrocarbons. The beam line 
system was held at a pressure of 1 0 “^ torr by a series 
of liquid nitrogen trapped oil diffusion pumps. A 
labelled photograph is shown in Figure 5,6 with the 
final section of line (after the radiation shielding) 
shown in Figure 5.7.
A divergence of 0.03° was calculated for the beam 
after the lmm aperture. Sample beam currents were 
adjusted from 1 to lOnA and from observations of energy 
spectra, beam energies were found to be stable to 1 part 
in 1 03 .
5.3.3.2 The Goniometer and Related Equipment
When central, the lmm diameter beam impinged on 
the specimen, at a point which coincided with the intercept 
of the three orthogonal axes of rotation of a goniometer. 
The goniometer, which was a modified version of an 
instrument designed by ICnox(lGO), is shown inverted in 
Figure 5.8 attached to the top flange of a vacuum 
chamber. The goniometer was required to move the 
specimen accurately and slowly, to allow any of the axes 
of the crystal to be presented to the analysing beaux.
This was achieved using three -12 step per revolution, 
motors (M. Calderon, Ltd. Model C.105/11) coupled to 
antibacklash gearing, which produced steps of 0 .0 1° in 
each of the three directions.
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Fig 5.8 General view of three axis Goniometer showing stepper motors and 
three directions of rotation (°S 0and^)
The motors, which were designed to operate under 
vacuum, were driven by 14 volt step pulses. These 
were fed via a motor selector unit, through a glass 
to metal seal, to each motor. The energising current, 
which was removed after each step to prevent the motors 
overheating, was supplied by a stepper motor control 
unit (Dyhatron Electronics, Type 2224 - 1/6). Pulses 
were supplied at various rates from 1 per sec. (0 .0 1° 
per sec.) to 700 per sec. (7° per sec.) and, besides 
driving two motors in parallel, were used with 
electronic and electromechanical registers.
Movements of the specimen within the goniometer 
chamber were reproduced by a 'slave* stepper motor 
system. This used pulses from the parallel output of 
the controller unit to drive, using identical stepper 
motors, pointers on large cloclc-like dials. The 
three dials were graduated in degrees and the pointer 
on each gave a direct indication of the orientation of 
the specimen. A digital display was also available 
which used reversible electromechanical counters.
The specimen, which was mounted on an aluminium 
backing plate ,• fitted into a threaded P.T.F.E..sample 
holder, and was held in place by two beryllium-copper 
spring clips. These clips made contact, via the 
aluminium, to the surface of the material and prevented 
•charge build up by providing a leakage path to earth.
Built into this path was a sensitive current ammeter/ 
integrator which monitored beam currents. The 
integrator also supplied pulses, at a rate which was 
proportional to beam current; these were fed to a scaler 
for integrated current measurement.
Secondary electron suppression was achieved by 
applying a negative potential of 550 volts to an insulated, 
annulus of aluminium attached to the front face of the 
specimen holder. Suppressor geometry was arranged to 
give optimum suppression, yet allow a large solid angle 
between incident and backseattered beam,
The goniometer hung inside a stainless steel 
vacuum chamber, on the inside base of which, was fitted 
an externally rotatable arm. This arm held a 
Faraday cup attachment, which was swung into the 
analysing beam for absolute measurement, of beam current.
The chamber had numerous viewing ports and two removable 
flanges on to which various detector assemblies were , 
attached. The whole system was held at 10“^ torr by 
nitrogen trapped oil diffusion pumps.
5.3,3.3 The Detector System
Wide angle scattered particles from the surface 
region (normally microns) of. the crystal specimen were 
detected using a silicon surface barrier detector. .
The detector (ORTEC-resolution 15 keV FWHM) was mounted 
on a removable flange fitted into the goniometer chamber at 
30° to the beam entry port. Particles entering the 
depletion layer of the reverse biased ( - 1 0 0 V) detector 
produced charge pulses which were amplified through a 
low noise (ORTEC 109 A) charge sensitive preamplifier 
and main amplifier (ORTEC Model No. 485). The !- 
amplified voltage pulses were fed into two systems:~
(see Figure 5.9).
(a) Through a single channel analyser, ratemeter, 
and variable, gain amplifier. This .amplifier which 
was designed to eliminate beam intensity fluctuations, 
received signals from the current integrator and 
the ratemeter,.. The smoothed amplifier output 
signal was fed into a chart recorder for.channel 
detection.
When a channelling direction was presented to the 
beam, an attentuation in the backscattered fraction was 
recorded as a dip in the output of the variable gain 
amplifier. From a knowledge of the crystal orientation, 
obtained by x.-ray analysis, axial channels were found 
by suitable goniometer movement. After an axial channel 
had been located accurately the pulses from the amplifier * 
were fed into
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Fig 5 .9  Block diagram of Rutherford Backscattering Nucleonics
(b) A multichannel analyser (intertechnique 
Didac. 800) which recorded the energy spectra for 
a fixed charge collection. The spectra were - 
recorded on punch tape and fed into the computer. 
(ICL 1905F) for plotting and further analysis as 
required. . Spectra were also plotted on an X-Y 
recorder, from the analogue output of the 
multichannel analyser. .
Amplified pulses were also fed into an 
oscilloscope for pulse shape and noise level 
monitoring., ‘ .•
5.3.4 The Thermal Probe • ‘
, The thermal or hot probe, was' used to give an estimate 
of the type and magnitude of the dominant carrier near the 
semiconductor surface. The method relied on the thermal 
excitation of majority carriers and their movement from a 
heated region in an attempt to achieve thermal equilibrium.
The resulting f5.eld between a hot and,cold probe led to a 
current flow which was measured by a digital voltmeter 
(Soiartron Mode!L No. LM1604) through a 10 resistor. From 
the polarity of the current the majority type and its 
magnitude was determined.
5.3.5 Implantation Facili-ties
In this section the implantation facilities of the 
150 kev(36) and 600 kev(lOl) accelerators are briefly discussed
With the 150 1-ceV machine ions from a sputter ion source 
were accelerated by a SAMES generator. After.being bent 
through 20° by a 6 MeV-amu magnet, ions were deflected 
vertically and. horizontally by. two sets of electrodes. This 
deflection produced a large area (5cm x 5cm) uniform beam at
1.5 metres from the deflection electrodes. Implantations 
were performed at this point in a stainless steel vacuum 
chamber, which was pumped by a 4!I liquid nitrogen trapped 
diffusion pump. Samples were attached to. the back flange of 
the chamber with up to six specimens being implanted at any 
one time.
Secondary electrons were . suppressed by applying a 
negative potential of 500 volts to a stainless steel suppressor 
and beam currents were measured by a.current integrator(102), 
Specimen areas scanned could be varied by the inclusion of 
masks in front of the specimen. The accelerator has been 
used for implantation and sputtering studies.
Ions from the evaporation ion source of the 500 lceV 
accelerator were accelerated by a SAMBS generator and bent 
by a 45 MeV-amu magnet through 900. After deflection in 
both vertical and horizontal planes by electrostatic deflecting 
plates, the ion beam entered a stainless steel implantation 
chamber.
Beams were scanned over an area 5cm square across an 
open mask and a suppressor of a steel specimen holder.
Various mounting plates, holding up to six specimens, could . 
be attached to this holder such that the angle between the 
sample1 s. surface and the incident beam could be altered. 
Stainless steel masks were fitted in front of each specimen 
allowing various configurations of sample surface to be 
implanted.
The specimen holder had a heating facility such that 
samples could be heated to 200°C. Heat was supplied by a - 
wire wound element positioned to make intimate contact to the 
mounting plate. A thermocouple attached to this mounting 
plate monitored the implantation temperature.
The suppressed beam current was monitored using a 
current integrator (102) which formed part of a leaka.ge path to 
earth. Suppression was achieved by applying 550 volts, 
negative with respect to earth,, to a stainless steel 
suppressor. The machine has been used for implantation and 
superconductor experiments.
Ci-IAPTER 6 RESULTS FROM MATERIALS ASSESSMENT, LATTICE DISORDER AND 
ELECTRICAL STUDIES'.
The results presented in this chapter are in three sections. 
Section one deals with an assessment of some of the properties of 
unimplanted CdTe. Section two deals with lattice disorder obtained 
from light particle channelling data. In the final section results 
of electrical activity generated by implanted dopants are presented 
together with a determination of the position within the forbidden 
gap of certain carrier trapping levels. ’>
6,1 Ma t e. r i al Asses smen t
6,1.1 Etch Rate Measurements
Steps were etched, using various concentrations 
of bromine in methanol in Mod. Bridg., Vert, and Horiz. z-ref 
• CdTe samples (See Chapter 5 p.56). Step heights were
measured and the results are shown in Figures 6.1 and 6.2 
.for coarse and fine etches respectively.
Cadmium telluride etched at a linear rate for all 
etch concentrations of bromine in methanol. The etch rate 
appeared to be a linear function of etch concentration 
(See insert Figure 6.2), although for the Mod. Bridg. grown • 
material some non-linearity at higher concentrations was 
observed.- .
Dilute etch solutions removed substantia], amounts of 
. ’ material (See Figure ,6.2) which prevented a later assessment
of ion ranges, • , ' .
The micrometer reading was the main source of error 
in the etch measurements. Those errors shown in 
Figures 6.1 and 6.2 were derived from the variations in 
repeated measurements on certain, selected samples. . For 
fine etch measurements, errors were enhanced by the surface 
irregularities which had peak-to-valley amplitudes of about 
200 These caused a 20% error in the 1 minute etch result
while further error was introduced by the. uncertainty of the 
bromine concentration in the fine etch solution.. I-Iowever 
the error due to this was thought to be small as fresh etch 
from a large reservoir was used for each measurement..
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(Inset- Etch rate as a function of etch concentration for 
various CdTe crystals]
Samples of CdTe from various sources,, grown by the 
three previously described methods (See p.12 ) were annealed 
prior to implantation, and analysed using : -
(a) The thermal probe
(b) The Hall Effect -■ ;
(c) Alpha particle channelling
6 .1.2.1 Thermal Probe Measurements
These were made on the polished surfaces of 
GdTc samples to give a crude assessment of the - . 
carrier type and concentration.• In comparison with 
n-type GaAs, whose majority carrier had been determined 
from the sign of the Hall coefficient, all low 
resistivity CdTe was 'apparently* p-type. As Hall 
measurements on CdTe showed that the bulk majority 
carriers were electrons, it was assumed that adsorbed 
oxygen(103) caused inversion at the CdTe surface. ’
To test this hypothesis, samples of freshly etched 
Mod. Bridg, CdTe were measured as a function of time 
and the results are shown in Figure 6.3(a) for three 
different samples. The varying probe reading was 
attributed to the growth of an oxygen layer on the CdTe 
surface. After 1 0 3 sees (about 2 days) little or no. 
change was recorded, .
The inversion layer on CdTe has been reported by 
others from conductivity (104) and photoemission (103) 
studies and it was found that the magnitude of the ' 
p-type emf on.p-type crystals is reduced by this layer.
The results of annealing low p Mod, Bridg. and 
Horiz. z-ref. CdTe to various temperatures in an argon 
atmosphere is shown in Figure ,6.3 (b). A progressive 
reduction in the p-type indication, was observed for 
both materials, with the Mod. Bridg. becoming n-type 
at high temperatures. The gross changes-with the 
temperature in this material were associated with an 
increase in carrier concentration on annealing and a
6.1.2 Annealing and. Surface Effects
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loss of adsorbed oxygen. No increase in carrier 
concentration was observed for the Horiz. z-ref. 
material.
The semi-'insulating CdTe was also found to be 
susceptible to temperature changes. Samples taken 
from the same slice were annealed in quartz ampoules
F* - •at 10"J torr or in an argon gas stream. The results 
[See Figure 6.3(c)] indicate that p-type activity 
occurred on annealing, with the activity being greater 
for ‘samples annealed in argon atmospheres. The 
p-type reading was attributed to the generation of 
cadmium vacancies acting as acceptors in CdTe.
Errors in thermal probe measurement were affected 
by parameters such as surface condition, probe material, 
probe temperature and pressure, and whenever possible 
these parameters were kept constant . The errors shown 
in Figure 6.3 have been derived from the mean of 
10-15 measurements taken over a sample's surface.
6 .1. 2.2 Resistivity and I-Iall Measurements
Samples 5mm x 5mm x 2mm were cut from the centre 
of slices from low resistivity Mod,.Bridg, and 
1-Ioriz. z-ref. materials, and polished as described 
previously (See p.56). Annealing was performed in an 
argon atmosphere at temperatures of either 200, 300,
400 or 500°C for -§• hour and after cooling to room 
temperature, indium contacts were alloyed (See p. 58) 
to the corners of the samples. Resistivity and Hall 
measurements were taken over the temperature range 
77-300°K.
Results from the Mod. Bridg. material are shown 
in Figure 6.4 and for the Horiz, z-ref. CdTe in 
Figure 6.5, . For Mod. Br5.dg. CdTe, reductions in 
resistivity with anneal temperature appeared to be due 
to increased carrier concentrations, rather than 
mobility changes. The enchanced carrier concentrations 
were thought to be due to annihilation of carrier 
traps as the crystal reordered with temperature increase.
Little temperature variation of the electrical 
properties of the Horiz. z-ref. CdTe was noted, and
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f o r  c l a r i t y  o n l y  t h e  r e s u l t s  f r o m  t h e  u n a n n e a l e d ,  a n d  
4 0 0 ° C  a n n e a l e d  s a m p l e s  a r e  s h o w n .
M o b i l i t y  v a l u e s  f o r  b o t h  m a t e r i a l s  w e r e  
a p p r o x i m a t e l y  7 5 0 0 c m 2 / V - s e c . a t  7 7 ° K  a n d  1 4 0 0 c m 2 / V - s e c .  
a t  r o o m  t e m p e r a t u r e ,  w h i c h  i s  ;c o m p a r a b l e  t o  v a l u e s  
o b t a i n e d  b y  o t h e r s (25  ) .  T h e  m o b i l i t y  f o r  b o t h  
m a t e r i a l s  s h o w e d  a' T " 3 / 2  d e p e n d e n c e  o n  t e m p e r a t u r e  
d o w n  t o  7 7 ° K  i n d i c a t i n g  l i t t l e  o r  n o  e f f e c t s  d u e  t o  
i m p u r i t y  s c a t t e r i n g .
■ E n e r g y  l e v e l s ,  c a l c u l a t e d  f r o m  t h e  v a r i a t i o n  o f  
c a r r i e r  c o n c e n t r a t i o n  u s i n g  e q u a t i o n  4 - ( 1 0 ) ,  l a y  
0 „ 0 4 e V  b e l o w  t h e  c o n d u c t i o n  b a n d  f o r  H o r i z .  z - r e f ,
C d T e  a n d  0 . 0 6 e V , b e l o w  t h e  c o n d u c t i o n  b a n d  f o r  M o d . .  B r i d g .  
m a t e r i a l ,  a n d  a g r e e d  w e l l  w i t h  e n e r g y  l e v e l s  c a l c u l a t e d *  
b y  d e ,  N o b e l  ( 4 ) f o r  n o m i n a l l y  u n d o p e d  C d T e .
E r r o r s  a s s o c i a t e d  w i t h  r e s i s t i v i t y  a n d  H a l l  
m e a s u r e m e n t s  c a n  b e  l i s t e d  a s  d u e  t o  : -
( a )  c o n t a c t  g e o m e t r y
( b )  i n a c c u r a c i e s  i n  t e m p e r a t u r e ,  e u r r e n t ,
m a g n e t i c  f i e l d  a n d  v o l t a g e  m e a s u r e m e n t .
- F o r  ( a ) :  c o n t a c t  g e o m e t r y  [ S e e  i n s e t  B ' i g u r e -  6 . 5  ( a ) j  
e r r o r s  w e r e  c a l c u l a t e d  u s i n g  e q u a t i o n s  4 - ( l l )  t o  4 - ( i 6 )  
g i v i n g  a  m a x im u m  e r r o r  o f  0 , 7 %  f o r  p a n d  6% f o r  y H
E r r o r s  i n d t e m p e r a t u r e  m e a s u r e m e n t  w e r e  o n l y  
s i g n i f i c a n t  n e a r  l i q u i d  n i t r o g e n  t e m p e r a t u r e s ,  d u e  
t o  t h e  n o n - c o n s t a n t  h e a t i n g  r a t e  o f  t h e  c r y o s t a t  
s y s t e m  a n d  t h e  c h a n g e  i n  t h e r m o c o u p l e  s e n s i t i v i t y  w i t h  
t e m p e r a t u r e  ( 2 5  p V / ° K  a t  7 7 ° K  -  6 0  j i V / ° K  a t  3 0 0 ° K ) . 
T h e r m o c o u p l e s  w e r e  r e a d ,  b e f o r e  a n d  a f t e r  e a c h  
r e s i s t i v i t y  m e a s u r e m e n t  and -  f r o m  t h e  v a r i a t i o n ,  a  
m a x im u m  e r r o r  o f  i ' 2% w a s  c a l c u l a t e d  f o r  r e a d i n g s  n e a r  
7 7 ° K . N e a r  r o o m  t e m p e r a t u r e  t h i s  e r r o r  d r o p p e d  t o  
-  0 . 0 5 %  d u e  t o . t h e  s l o w e r  h e a t i n g  r a t e  o f  t h e  s y s t e m .
E r r o r s  d u e  t o  v a r i a t i o n s  i n  m a g n e t i c  f i e l d . a n d  
s p e c i m e n ,  c u r r e n t  w e r e . n e g l i g i b l e  a s  h i g h  s t a b i l i t y  
(1 i n  1 0 4 ) c u r r e n t  s o u r c e s  w e r e  u s e d  i n  b o t h  c a s e s .
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D u e  t o  t h e  f i n i t e  t i m e  t a k e n  f o r  e a c h  
m e a s u r e m e n t  c h a n g e s  i n  t e m p e r a t u r e  p r o d u c e d  e r r o r s  
i n  V A . B y  o b s e r v i n g  V .  v a r i a t i o n s  o v e r  t h ei*D 5 CU riD j v^jL/
t e m p e r a t u r e  r a n g e  o f  7 7 l 3 0 0 ° K ,  e r r o r s  w e r e  c a l c u l a t e d .
A  m a x im u m  e r r o r  o f  1' 1 . 5 %  a t  7 7 ° K  w a s  o b s e r v e d  i n  
t h e  r e a d i n g  V ^ g ^ c D ,  t h i s  d r o p p e d  t o  0 . 0 5 %  a t  r o o m  
t e m p e r a t u r e .  U s i n g  t h e s e  e r r o r  v a l u e s  i n  e q u a t i o n s  
4 - ( 2 ) a n d  4 - ( 7 . )  p r o d u c e d  a n  e r r o r  i n  p o f  4% a n d  i n  
|l j.j o f  3% ,
T h e  t o t a l  m a x im u m  e r r o r  i n  r e s i s t i v i t y  m e a s u r e m e n t  
a t  r o o m  t e m p e r a t u r e  d u e  t o  ( a )  a n d  ( b ) w a s  5% a n d  
1* 1% ( r e s p e c t i v e l y .  M o b i l i t y  a n d  c a r r i e r  c o n c e n t r a t i o n  
h a d  e r r o r s  o f  t  8% . a n d  t  10%  r e s p e c t i v e l y  a t  7 7 ° K  
w i t h  b o t h  f a l l i n g  t o  t  6% a t  r o o m  t e m p e r a t u r e .
T h e s e  e r r o r s  a l t h o u g h  l a r g e  w e r e  n o t  g r e a t  e n o u g h  
t o  a c c o u n t  f o r  t h e  c h a n g e  i n  c a r r i e r  c o n c e n t r a t i o n  
w i t h  t e m p e r a t u r e  O f  t h e  M o d ,  B r i d g .  g r o w n  C d T e .
6 . 1 . 2 , 3  A l p h a  P a r t i c l e  C h a n n e l l i n g  M e a s u r e m e n t s
I n  s e c t i o n  4 , 3 . 5  a  p a r a m e t e r  Xm! n  w a s  d e f i n e d  
s u c h  t h a t  i t  c o u l d  b e  u s e d  a s  a  m e a s u r e  o f  m a t e r i a l  
c r y s t a l l i n i t y . F o r  c r y s t a l s  o f  h i g h  d e f e c t  d e n s i t i e s  
t h e  b a c k s c a t t e r e d  y i e l d s  f r o m  t h e  a l i g n e d  d i r e c t i o n s  
a r e  e n h a n c e d ,  p r o d u c i n g  a n  i n c r e a s e  i n  t h e ^ n  v a l u e  
a w a y  f r o m  i t s  l i m i t i n g  v a l u e  g o v e r n e d  b y  s u r f a c e  a t o m  
s c a t t e r i n g .  . -
S a m p l e s  f r o m  i n g o t s  g r o w n  b y  t h e  v a r i o u s  m e t h o d s ,  
a f t e r  s u i t a b l e  a n n e a l i n g ,  w e r e  a n a l y s e d  u s i n g  1 . 5  MeV 
H e  i o n s .  B a c k s c a t t e r e d  s p e c t r a  w e r e  t a k e n  f r o m  
’ r a n d o m *  a n d  a l i g n e d  ( <110> ) d i r e c t i o n s  f o r  f i x e d
i n t e g r a t e d  d o s e s  o f  H e  i o n s .
V a l u e s  o f  Xini n  w e r e  c a l c u l a t e d  f r o m  t h e s e  s p e c t r a  
j u s t  b e h i n d  t h e  s u r f a c e  d i s o r d e r  p e a k .  T h e  r e s u l t s  
a r e  s h o w n  i n  T a b l e  6 . 1  a s  a  f u n c t i o n  o f  a n n e a l  
t e m p e r a t u r e , .
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Table 6.1 Variation of Xmin with anneal temperature for 
various crystals of CdTe
T e m p ° C
X . m i n
M o d . B r i d g . G r o w n H o r i z .  Z - r e f . V e r t . Z - r e f . *
Room  T e i n p . 0 . 1 3 0 . 0 5 0 . 0 5
2  GO 0 .1 1 0 . 0 5 0 . 0 5
3 0 0 0 . 1 0 0 . 0 4 0 . 0 4
4 0 0 O o CD
rt1o
o
0 . 0 4
4-50 - 0 . 0 3 ( 5 ) 0 . 0 4
5 0 0 0 . 0 6 0 . 0 3 ( 5 ) , 0 . 0 4
6 0 0 0 .1 1  0 . 0 6 * 0 . 0 5 0 . 0 5
* Values obtained after vacuum annealing
F o r  t h e  M o d .  B r i d g *  C d T e  o r d e r i n g o c c u r r e d  u p  t o  
5 0 0 ° C ,  a b o v e  w h i c h  o u t - d i f f u s i o n  a n d .  s u r f a c e  
e v a p o r a t i o n ( 2  ^ c a u s e d  a n  i n c r e a s e  i n  s u r f a c e  d i s o r d e r .  
L i t t l e  o r  n o  r e o r d e r i n g  w a s  o b s e r v e d  w i t h  t h e - H o r i z .  
o r  V e r t ,  z - r e f .  C d T e .
E r r o r s  a s s o c i a t e d  w i t h  X m in  g o v e r n e d  m a i n l y
b y  t h e  p r o b l e m  o f  f i n d i n g  a  h o m o g e n e o u s  i s o t r o p i c  
d i r e c t i o n *  i n  t h e  c r y s t a l .  T h e ' p r e s e n c e  o f  h i g h  
i n d e x  p l a n e s  l e d  t o  v a r i a t i o n s  i n  t h e  h e i g h t s  o f  r a n d o m  
e n e r g y  s p e c t r a  a n d  t h e  s h a p e s  o f  s p e c t r a  e d g e s .  W i t h
t h e  a b o v e  e x p e r i m e n t ,  y i e l d s  w e r e  r e p r o d u c i b l e  t o
+ . ‘
-  5% f o r  a  f i x e d  t o t a l  e n e r g y  c o l l e c t i o n ,  r e s u l t i n g
i n  c h a n g e s  o f  t  8% i n  t h e  ) ^ i n  v a l u e . '
[  *  T h i s  d i r e c t i o n  i s  n o r m a l l y  r e f e r r e d  t o  a s  t h e  
’ r a n d o m ’ d i r e c t i o n  ] •
(
O t h e r  e r r o r s  s u c h  a s  p o o r  a l i g n m e n t ,  d e c h a n n e l l i n g ,  
p o o r  s u p p r e s s i o n  e f f i c i e n c y ,  e t c ,  w e r e  d i f f i c u l t  t o  
' e s t i m a t e  a n d  w e r e  e x p e c t e d  t o  p r o d u c e  a n  u n k n o w n  
s y s t e m a t i c  e r r o r  t h r o u g h o u t  a l l  m e a s u r e m e n t s .
A n n e a l e d  M o d .  B r i d g ,  m a t e r i a l  w a s  a l s o  i n v e s t i g a t e d  
u s i n g  t h e  t e c h n i q u e  o f  e l e c t r o n  c h a n n e l l i n g  
( S e e  A p p e n d i x - A )  w i t h  r e s u l t s  i n d i c a t i n g  a  r e o r d e r i n g  
o f  t h e  u n i m p l a n t e d  c r y s t a l  w i t h  t e m p e r a t u r e .
6 . 2  L a t t i c e  D i s o r d e r  S t u d i e s
I n  t h i s  s e c t i o n  l a t t i c e  d i s o r d e r  r e s u l t s  a r e  p r e s e n t e d  f r o m  ;
A r , I n ,  T e  a n d  B i  i o n s  i m p l a n t e d  i n t o  M o d .  B r i d g . ,  V e r t ,  a n d  
H o r i z .  z - r e f .  g r o w n  C d T e .  A r g o n  i o n s  w e r e  u s e d  t o  g e n e r a t e  
c o m p l e x  d e f e c t s , w h i l e  I n ,  T e  a n d  B i  i o n s  w e r e  e x p e c t e d  t o  p l a y  
s o m e  e l e c t r i c a l  r o l e  a s  d o p a n t s  w i t h i n  t h e  m a t e r i a l .
D i s o r d e r  w a s  s t u d i e d  a s  a  f u n c t i o n  o f  c r y s t a l  g r o w t h  m e t h o d ,  
i o n ,  i o n  e n e r g y ,  d o s e ,  d o s e  r a t e  a n d  i m p l a n t  t e m p e r a t u r e .  R e s u l t s  
f r o m  p o s t  i r r a d i a t i o n  a n n e a l i n g  a r e  a l s o  p r e s e n t e d .  M e a s u r e m e n t s  
w e r e  t a k e n  t o  e s t a b l i s h  t h e  s i g n i f i c a n c e  o f  v a r i a t i o n s  o f  t h e  a b o v e  
p a r a m e t e r s  o n  l a t t i c e  d i s o r d e r  i n  s i n g l e  c r y s t a l s  o f  C d T e .
6 . 2 . 1  I m p l a n t a t i o n  D i s o r d e r  a s  a  F u n c t i o n  o f  C r y s t a l  
G r o w t h  M e t h o d
A r g o n  i o n s  f r o m  t h e  U n i v e r s i t y  o f  S u r r e y  6 0 0  lceV 
’ a c c e l e r a t o r ) w e r e  i m p l a n t e d  i n t o  s a m p l e s  o f  M o d .  B r i d g .  y 
V e r t ,  a n d .  H o r i z ,  z - r e f .  C d T e  t o  a ' d o s e  o f  1  x  1 0 ^ 3 i o n s / c m 2 
u n d e r  t h e  c o n d i t i o n  o f  i m p l a n t  ( 1 )  T a b l e  6 . 2 .
S a m p l e s  w e r e  a n a l y s e d  u s i n g  1 . 5  MeV H e  i o n s , ,  a n d  
s p e c t r a  t a k e n  i n  t h e  < 1 1 0 >  a n d  r a n d o m  d i r e c t i o n s .  T h e  
n o r m a l i s e d  s p e c t r a  o b t a i n e d  a r e  s h o w n  i n  F i g u r e  6 06 ,
. T h e  t w i n  p e a k s  i n  V e r t ,  a n d  H o r i z .  z - r e f .  C d T e  w e r e  
p r o d u c e d  b y  a l p h a  p a r t i c l e s  s c a t t e r e d  f r o m  i n t e r s t i t i a l  
c a d m i u m  a n d  t e l l u r i u m  a t o m s .  W i t h  t h e  M o d .  B r i d g .  s a m p l e s ,  
t h e  p o o r  X m in  OI^ t l i e  u n i m p l a n t e d  m a t e r i a l  w a s  w o r s e n e d  b y  
t h e  a r g o n  i o n s ,  r e s u l t i n g  i n  a  l o s s  o f  d e t a i l  i n  t h e  d i s o r d e r  
p e a k .  L i t t l e  f u r t h e r  w o r k  w a s  d o n e  w i t h  t h e  M o d .  B r i d g .
, m a t e r i a l ,  d u e  t o  i t s  p o o r  c h a n n e l l i n g  a b i l i t y  a n d  i t s  
t e m p e r a t u r e  d e p e n d e n c e  o f  c r y s t a l l i n i t y „
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:ig 6.® Backseat ter spectra from  various crysta ls
of CdTe. im planted-w ith Ix ld lon ^b n?  o f50 KgV 
Ar*1' [Analysing beam-1-5MeV He5‘ ] .
M o s t  o f  t h e  d i s o r d e r  r e s u l t s ,  p r e s e n t e d  i n  t h i s  s e c t i o n  
w e r e  t a k e n  f r o m  i m p l a n t s  i n t o  H o r i z o n t a l l y  z o n e  r e f i n e d  C d T e  
a s  a  p l e n t i f u l  s u p p l y  o f  g o o d  c r y s t a l l i n e  m a t e r i a l - g r o w n  b y  
t h i s  m e t h o d  w a s  a v a i l a b l e ,  ' ... •.
: I m p l a n t s ,  w h i c h  a r e  s u m m a r i s e d  i n  T a b l e  6 . 2 ,  w e r e  .. 
d o n e  o n  t h e  6 0 0  keV- a c c e l e r a t o r  u s i n g  t h e  i m p l a n t  f a c i l i t y  
d e s c r i b e d  p r e v i o u s l y  ( S e e  p . 6 8 ) .
A n a l y s i s  w a s  d o n e  b y  a l p h a  p a r t i c l e  c h a n n e l l i n g  o f  
. 1 . 5  MeV H e  i o n s  i n  t h e  < X 1 0 >  a n d  r a n d o m  d i r e c t i o n s .  A t y p i c a l  
s e t  o f .  s p e c t r a  f o r  v a r i o u s  d o s e s  o f  1 0 0 .  lceV  I n  i o n s  i s  s h o w n  
i n  F i g u r e  6 . 7 . a n d  f r o m  s u c h  s p e c t r a  v a l u e s  o f  t h e  d i s o r d e r  
p a r a m e t e r  D ,  ( S e e  s e c t i o n  4 , 3 . 5 )  w e r e  c a l c u l a t e d .  A s  c a n  
b e  s e e n  f r o m  t h i s  f i g u r e  t h e  s c a t t e r i n g  d u e  t o  C d  a n d  T e  
i n t e r s t i t i a l s  w a s  j u s t  r e s o l v e d ,  w i t h  t h e  d i s o r d e r  p e a k  . 
p r o d u c i n g  e x c e s s i v e  d e c h a n n e l l i n g  a t  h i g h  d o s e s ' .,
F o r  a l l  i m p l a n t s  ( 1 ) - ( 1 8 )  p o s t  i m p l a n t  a n n e a l i n g  w a s  
p e r f o r m e d  f o r  p e r i o d s  o f  \  h o u r .  A t  l o w  t e m p e r a t u r e s  ( £ 3 0 0 ° C )
a r g o n  a t m o s p h e r e  a n n e a l i n g  w a s  e m p l o y e d ,  w h i l e  f o r  t e m p e r a t u r e s
5 * •
> 3 0 0 ° C  a n n e a l i n g  w a s  a t  10. t o r r  i n  a  q u a r t z  a m p o u l e .
M e a s u r e m e n t s  o f  d i s o r d e r  D w e r e  m a d e  a f t e r  e a c h  a n n e a l . a n d
• t h e  r e s u l t s  f o r  A r , I n ,  T e  a n d  B i  i o n s  a r e  s h o w n  i n  F i g u r e .  6 . 8
a s  a  f u n c t i o n  o f  a n n e a l  t e m p e r a t u r e  a n d  i o n  d o s e .
I t  a p p e a r s  f r o m  F i g u r e  6 . 8  t h a t  t h e  a m o u n t  o f  d i s o r d e r  
a n d  i t s  a n n e a l i n g  c h a r a c t e r i s t i c s  a r e  d o s e  d e p e n d e n t - ,  F o r  
c o m p a t i b l e  d o s e s ,  d i s o r d e r  p r o d u c e d  b y  B i , T e  a n d  I n  a p p e a r e d  
s i m i l a r , . w h i l e  s u b s t a n t i a l l y  l e s s  d i s o r d e r  w a s  d e t e c t e d  
a f t e r  t h e  a r g o n  i m p l a n t a t i o n .  '
A t  h i g h -  t e m p e r a t u r e s ,  f o r  a l l  i m p l a n t e d  i o n s  a t  a l l  
d o s e s  a n  i n c r e a s e  i n  d i s o r d e r  o c c u r r e d  w h o s e  m a g n i t u d e  
a p p e a r e d  t o  b e  i n d e p e n d e n t  o f  ’ i m p l a n t e d  d o s e ’ . F o r  
a l l  i m p l a n t s ,  r e s i d u a l  i o n  d a m a g e  w a s  e v i d e n t  a f t e r  a n n e a l i n g ,  
a n d  a  r e t u r n  t o  t h e  p r e - i m p l a n t  c r y s t a l l i n i t y  w a s  n e v e r  - 
r e a l i s e d „
, I t  h a s  b e e n  r e p o r t e d ( 6 3 )  t h a t  h e a t i n g - s u b s t r a t e s '  
d u r i n g  i m p l a n t a t i o n  p r o d u c e d  a  r e d u c t i o n  i n  l a t t i c e  d i s o r d e r  
( S e e  p . 2 7 ) ,  ' l o  i n v e s t i g a t e  t h i s  e f f e c t ,  s a m p l e s  w e r e  i m p l a n t e d
6,2,2 Disorder Produced by Ar, In, T e , and Bi Ions
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7 Random and Aligned spectra from  Horiz. Z r  ref. 
CdTe implanted at room temperature with various 
doses ( io n ^ n f)  of 100KeV In ions:
[Analysing beam “ 1-5MeV He1']
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F i g  6 *.8' D i s o r d e r  v s  a n n e a l  t e m p e r a t u r e  a s  a  f u n c t i o n  
o f  i m p l a n t  d o s e  f o r  ( a ) A r ,  ( b ) T n ,  ( c ) T e  a n d
( d ) B i  i o n s  i m p l a n t e d  i n t o  - s e m i - i n s u l a t i n g . 
' ‘ H o r i z ,  Z - r e f .  C d T e  a t  r o o m  t e m p e r a t u r e .
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Fig @.9 Disondervs Anneal Temperature for 1x10 [onscm 
of 100 KeV In  in Horiz, Z- ref, CdTe as a fun c t ion 
of implant temperature
[ Inse t shows dose rate dependence of disorder 
■for above implant conditions performed a t room 
temperature]
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F ig . 6.tlSpectra- fro m  sam ples of H oriz. 3  - ref. CdTe im plant fed with 
A r a t va rio u s  en erg ies  to a  dose of 101-5 ions/c-m 2 .
(In se rt - p ro jec ted  range of Argon ions in CdTe a t various 
energ ies)
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a t  1 0 0 ° C  a n d  2 0 0 ° C  a n d  t h e  r e s u l t s  f r o m  c h a n n e l l i n g  
m e a s u r e m e n t s  a r e  s h o w n  i n  F i g u r e  6 . 9 ,  T h e  d i s o r d e r  
p a r a m e t e r  D a s  a  f u n c t i o n  o f  a n n e a l  t e m p e r a t u r e  i s  s h o w n
■j C  A  -
f o r  1 x  1 0  i o n s / c m  o f  1 0 0  k e V  I n  i m p l a n t e d  i n t o  s u b s t r a t e s  
h e l d  a t  v a r i o u s  t e m p e r a t u r e s .  R e s u l t s  f o r  o t h e r  h o t  
i m p l a n t s  a r e  s h o w n  i n  F i g u r e  6 , 1 0  a s  a  f u n c t i o n  o f  i m p l a n t e d  
d o s e .  R a i s i n g  t h e  s u b s t r a t e  t e m p e r a t u r e  f r o m  1 0 0  t o  2 0 0 ° C  
p r o d u c e d  a  m a r k e d  r e d u c t i o n  i n  d a m a g e  f o r  a l l  i o n s  a n d  i o n  
d o s e s . ‘ • . ' .
T o  d e m o n s t r a t e  t h e  v a r i a t i o n  o f  d i s o r d e r  w i t h  i o n  
e n e r g y ,  a r g o n  i m p l a n t s  ( 2 ) ~ ( 6 ) ,  [ T a b l e  6 .2 ] ,  w e r e  p e r f o r m e d  
f o r  v a r i o u s  e n e r g i e s  t o  a  d o s e  o f  1 x  1 0 ^3 i o n s / c m 3 . T h e  
n o r m a l i s e d  s p e c t r a  o b t a i n e d  f r .o m  t h e s e  i m p l a n t s  a r e  s h o w n  
i n  F i g u r e  6 . 1 1 ,  w i t h  t h e  i n s e r t  s h o w i n g  t h e  t h e o r e t i c a l  d e p t h ,  
d i s t r i b u t i o n  f o r  v a r i o u s  e n e r g y  a r g o n  i o n s  i n  C d T e .
T h e  h i g h  e n e r g y  i m p l a n t a t i o n  p r o d u c e d  l i t t l e  s u r f a c e  
, d i s o r d e r  a n d  d e c h a n n e l l i n g  a p p e a r e d  t o  i n c r e a s e  r e g u l a r l y  
w i t h  . d e p t h .  L i t t l e  c h a n g e  i n  d i s o r d e r  w a s  n o t i c e a b l e  b y  
i n c r e a s i n g  t h e  e n e r g y  f r o m  2 5  t o  5 0 K e V  a n d  f o r  t h e  1 0 0  a n d  
2 0 0 K e V  i m p l a n t s ,  p e a k s  w e r e  n o t  d e t e c t e d  d u e  t o  e x c e s s i v e  
d e c h a n n e l l i n g .  ' - .
B e a m  c u r r e n t  d e n s i t i e s  ( d o s e  r a t e )  w e r e  a p p r o x i m a t e l y  
c o n s t a n t  ( a t  0 . 6 - 0 , 7  y A / c m 3 ) f o r  a l l  t h e  a b o v e  i m p l a n t s .
T o  i n v e s t i g a t e  d i s o r d e r  a s  a  f u n c t i o n  o f  c u r r e n t  d e n s i t y ,  
i m p l a n t s  ( 1 0 ) - ( 1 2 )  w e r e  p e r f o r m e d  w i t h  1 0 0  lceV I n  I o n s ,  w i t h  
- c u r r e n t  d e n s i t i e s  b e i n g  l i m i t e d  b y  t h e  s o u r c e  c h a r a c t e r i s t i c s  
a n d  t h e  a c c e l e r a t i o n  s y s t e m .  T h e  r e s u l t s  a r e  s h o w n  i n  t h e  
i n s e t  o f  F i g u r e  6 . 9  a n d  i n d i c a t e  a  s m a l l  i n c r e a s e  I n  d i s o r d e r  
a t  h i g h e r  b e a m  c u r r e n t  d e n s i t i e s .
6 . 2 . 3  T h e  B i s m u t h  I m p u r i t y  P e a k
B e s i d e s  t h e  b e h a v i o u r  o f  l a t t i c e  d i s o r d e r ,  l i g h t  
p a r t i c l e  c h a n n e l l i n g  s p e c t r a  f r o m  B i  (Z  = 8 3 )  i m p l a n t s  i n t o  
G d T e  (Z  = 5 0 )  g a v e  i n f o r m a t i o n  c o n c e r n i n g  t h e  c o n c e n t r a t i o n  a n d  
m o v e m e n t  o f  B i  w i t h i n  t h e  m a t e r i a l .
C r y s t a l s  g r o w n  b y  t h e . t h r e e  m e t h o d s  d e s c r i b e d  p r e v i o u s l y  
( S e e  P . 1 2 )  w e r e  i m p l a n t e d  u n d e r  s i m i l a r  c o n d i t i o n s  a s  ( 1 5 )  a n d  
( 1 7 )  i n  T a b l e  6 . 2 ,  M e a s u r e m e n t s  o f  a r e a  u n d e r  t h e  B i  p e a k s
o f  a l l  s a m p l e s  w e r e  t a k e n - a n d  t h e  r e s u l t s . ,  f o r  ' t h e  r o o m  
t e m p e r a t u r e  i m p l a n t s  , a r e  s h o w n  i n  F i g u r e  6 . 1 2 .  P r o m  y i e l d s  
u n d e r  t h e  b i s m u t h  i m p u r i t y  p e a l c ,  d o s e s  w e r e  c a l c u l a t e d  u s i n g  - 
e q u a t i o n s  4  -  ( 3 4 )  a n d  4  -  ( 3 5 ) .  T h e s e  d o s e s  a r e  p l o t t e d  
i n  F i g u r e  6 , 1 2  a s  a  f u n c t i o n  o f  i m p l a n t  d o s e .  T h e  a p p a r e n t  
o v e r a l l  r e d u c t i o n  i n  o b s e r v e d  y i e l d  w a s  t h o u g h t  t o  b e  d u e  t o  
t h e  l a r g e  e r r o r s  . i n v o l v e d  i n  y i e l d  d e t e r m i n a t i o n .  T h e s e  
w e r e  a s c r i b e d  t o  i o n  i m p l a n t a t i o n  a n d  a n a l y s i n g  b e a m  
d o s i m e t r y  b e s i d e s ,  t h e  e r r o r  i n  c a l c u l a t i n g  a . t r u e  s o l i d  a n g l e  
f o r  O d e t e r m i n a t i o n .  E r r o r s  a s s o c i a t e d  w i t h  b i s m u t h  a r e a  
a r e  d i s c u s s e d  i n  a  f o l l o w i n g  s e c t i o n - ( s e c t i o n  6 . 2 . 3 . 1 ) .  . -
I t  w a s .  t h o u g h t  t h a t  t h e s e  f a c t o r s  w e r e  r e s p o n s i b l e  f o r  t h e  
- 20% e r r o r  i n  r e t a i n e d  d o s e  d e t e r m i n a t i o n .
Y i e l d s  f r o m . h i g h  d o s e  B i  i m p l a n t s  i n  H o r i z .  z - r e f .  
m a t e r i a l  a t  h i g h  B i  d o s e s  s h o w e d  n o  d o s e  d e p e n d e n c e  o n  t h e  
i m p l a n t e d  B i s m u t h  d o s e ,  p o s s i b l y  d u e  t o  t h e  p r e s e n c e  o f  
s p u t t e r i n g .  A n  e s t i m a t e  o f  t h e  s p u t t e r i n g  c o e f f i c i e n t  f r o m  
t h e s e  r e s u l t s  y i e l d s  a  v a l u e  o f  a b o u t  1 a t o m / i o n .
S u b s e q u e n t l y  s p u t t e r i n g  c o e f f i c i e n t  m e a s u r e m e n t s  w e r e  p e r f o r m e d  
( S e e  A p p e n d i x  B )  u n d e r  c o n d i t i o n s  s i m i l a r  t o  t h e  a b o v e  
i m p l a n t s  a n d  a  v a l u e  o f  2 a t o m s / i o n  w a s  o b t a i n e d .
F o r  a  p a r t i c u l a r  d o s e ,  n o  d i f f e r e n c e  i n  t h e  r a n d o m  
B i  y i e l d s  w e r e  n o t e d  b e t w e e n  t h e  h o t  a n d  r o o m  t e m p e r a t u r e  
i m p l a n t s  o r  f o r  a n n e a l e d  s a m p l e s  b e l o w  4 0 0 ° C ' .
6 , 2 .  3 . 1  .: B i s m u t h  L o s s
A b o v e  4 5 0 ° C  r e d u c t i o n s  i n  t h e  b i s m u t h  p e a k  a r e a s  
w e r e  o b s e r v e d ,  w h i c h  w e r e  a s s u m e d  t o  b e  d u e  t o  a  l o s s  
o f  b i s m u t h  f r o m  t h e  C d T e  s u r f a c e .  T h e  r e d u c t i o n  
i s  s h o w n  i n  F i g u r e  6 . 1 3  f o r  H o r i z . z - r e f .  m a t e r i a l
* ’ IS pi m p l a n t e d  w i t h  5  x  1 0  i o n s / c m  B i  i o n s  a t  1 0 0  k e V  
e n e r g y . '  B e s i d e s  t h e  r e d u c t i o n  o f  b i s m u t h  a n  i n c r e a s e  
i n  t h e  d i s o r d e r  i s  a l s o  s h o w n ,  a n  e f f e c t  . r e p o r t e d  i n  
s e c t i o n .  6 . 2 . 2  w h i c h  o c c u r r e d  f o r  a l l  i m p l a n t e d  C d T e  
s a m p l e s .
T o  r e p r e s e n t  b i s m u t h  l o s s , t h e  o b s e r v e d  y i e l d s  a r e  
p l o t t e d  a s ,  a  f u n c t i o n  o f  a n n e a l  t e m p e r a t u r e  i n  
F i g u r e  . 6 , 1 4  f o r  s a m p l e s  i m p l a n t e d  u n d e r  v a r i o u s ’ 
c o n d i t i o n s .  B i s m u t h  l o s s ,  w h i c h  a p p e a r e d  t o  b e g i n - 
a t  a  d e f i n i t e  a n n e a l  t e m p e r a t u r e  , w a s  f o u n d  t o  b e
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md e p e n d e n t  o n  i m p l a n t  t e m p e r a t u r e  b u t  n o t  d o s e ,  a n  
e f f e c t  w h i c h  h a s  b e e n  o b s e r v e d  f o r  h e a v y  i o n s  i n  
s i l i c o n   ^ \  ■ '
I n  a n  a t t e m p t  t o  p r e v e n t  l o s s  o f  b i s m u t h ,  s i l i c o n  
d i o x i d e  S i 0 2 l a y e r s  w e r e  g r o w n  o n  b i s m u t h  i m p l a n t e d  
C d T e .  A f t e r  a n n e a l i n g  t o  t e m p e r a t u r e s  o f  4 5 0 ° C ,  a n d  
o n  r e m o v a l  o f  S i 0 2 w i t h  H F ,  a  l o s s  o f  a b o u t  4 0 %  b i s m u t h  
w a s  o b s e r v e d  i n  a l l  s a m p l e s  i n v e s t i g a t e d .  A n n e a l i n g  
t o  h i g h e r  t e m p e r a t u r e s  p r o d u c e d  f u r t h e r  l o s s  u n t i l  
a t  5 5 0 ° C  t h e  C d T e  b e c a m e  c r a z e d .  T h e  b i s m u t h  l o s s  
i n t o  t h e  S i 0 2 i s  a l s o  s h o w n  i n  F i g u r e  6 , 1 4 .
6 o 2 03 , 2  B i s m u t h  M o v e m e n t  i n  C d T e  L a t t i c e
I n  a l l  r o o m  t e m p e r a t u r e  a n d  1 0 0 ° C  b i s m u t h  i m p l a n t e d  
( s p e c i m e n s  i n v e s t i g a t e d ,  n o  a p p a r e n t  m o v e m e n t  o f  b i s m u t h  
f r o m  i n t e r s t i t i a l  t o  s u b s t i t u t i o n a l  s i t e s  w a s  o b s e r v e d ,  
e v e n  a f t e r  a n n e a l i n g  t o  600° C ,
I m p l a n t i n g  a t  2 0 0 ° C  [ ( 1 7 )  T a b l e  6 . 2 ] :  h o w e v e r  
p r o d u c e d  a  3 0 %  r e d u c t i o n  i n  t h e  b i s m u t h  p e a k  i n  t h e  
< 1 1 1 > c h a n n e l l i n g  d i r e c t i o n ,  w h i l e  n o  r e d u c t i o n  w a s  
o b s e r v e d  i n  t h e  < 1 1 0 >  d i r e c t i o n .  I n  t h e  a b s e n c e  
o f  f l u x  p e a k i n g  ( S e e  p . 4 -8 )  i t  a p p e a r s  t h a t  a  r e g u l a r  
i n t e r s t i t i a l  c o m p o n e n t  ( S e e  F i g u r e  4 . 6 )  i s  g e n e r a t e d  
a f t e r  a  h o t  2 0 0 ° C  i m p l a n t .  M o r e o v e r  t h e  p e r c e n t a g e  
o f ; t h i s  c o m p o n e n t  t o  t h e  t o t a l  i m p l a n t e d  B i  c o n c e n t r a t i o n  
a p p e a r s  t o  b e  i n d e p e n d e n t  o f  i m p l a n t  d o s e .  O f  t h e  
m a t e r i a l s  i m p l a n t e d  o n l y  t h e  H o r i z . z - r e f .  C d T e  s h o w e d  
t h i s  b i s m u t h  m o v e m e n t .  L ow  t e m p e r a t u r e  a n n e a l i n g  
( ~  4 - 5 0 ° C ) p r o d u c e d  n o  f u r t h e r  c h a n g e  i n  t h e  B i  a r e a  
o b s e r v e d  i n  t h e < l l l >  d i r e c t i o n ,  w h i l s t  a b o v e  4 5 0 ° C  
l o s s  o f  B i  m a s k e d  a n y  f u r t h e r  o b s e r v a t i o n s .
E r r o r s ,  a s s o c i a t e d  w i t h  r e s u l t s  p r e s e n t e d  i n  t h e  
l a s t  t w o  s e c t i o n s ,  a r e  m a i n l y  a f f e c t e d  b y  a n  a s s e s s m e n t  
o f  t h e  t r u e  B i  y i e l d  f r o m  m e a s u r e m e n t s  o f  i m p u r i t y  
p e a k  a r e a .  T h e  m a i n  e r r o r s  i n  t h i s  a s s e s s m e n t  w e r e  
d u e  t o  s p e c t r a l  d i s t o r t i o n  p r o d u c e d  b y  p u l s e  p i l e ,  u p  
a n d  t h e  s m a l l  s e p a r a t i o n  o f  t h e  B i  p e a k . f r o m  t h e  C d T e  
e d g e .  A l s o  f o r  l o w  d o s e  i m p l a n t s  ( ~  10 14  i o n s / c m 2 ) , 
t h e  l o w  i m p u r i t y  p e a k  y i e l d s  m a d e  c o u n t i n g  s t a t i s t i c s  
p o o r . . . .
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P i l e  u p  w a s  r e d u c e d  b y  o p t i m i s i n g  t h e  d e t e c t o r  
e l e c t r o n i c s  p a r a m e t e r s  a n d  b y  r e d u c i n g  t h e  b e a m  c u r r e n t  
a n d  h e n c e  t h e  c o u n t  r a t e ,  : Y i e l d s  f r o m  l o w  d o s e  i m p l a n t s  
w e r e  i m p r o v e d  b y  i n c r e a s i n g  t h e  t o t a l  i n t e g r a t e d  c h a r g e  
c o l l e c t e d .  D e s p i t e  t h e s e  i m p r o v e m e n t s ,  e r r o r s  a s s e s s e d  
f r o m  r e p e a t e d  i m p l a n t a t i o n s  w e r e  o f  t h e  o r d e r  o f .  I  30% 
f o r  l o w  d o s e  ( 1 0 4 4 i o n s / c m 2 ) i m p l a n t s .  F o r  h i g h e r  d o s e s  
t h e  e r r o r  w a s  1' 3% a n d  a r e a s  m e a s u r e d  f r o m  r e p e a t e d  
i m p l a n t s , o f  h i g h  d o s e  B i  f e l l  w i t h i n  t h e s e  e r r o r s .
6 , 3  E l e c t r i c a l  P r o p e r t i e s  o f  I m p l a n t e d  C d T e
6 . 3 . 1  S h e e t  R e s i s t i v i t y  M e a s u r e m e n t s  •' •*’ ; ,
T h e  o b j e c t  o f  p e r f o r m i n g  s h e e t  r e s i s t i v i t y  m e a s u r e m e n t s  
w a s  . t o  e s t a b l i s h  w h e t h e r  t h e  n e t  e l e c t r i c a l  p r o p e r t i e s  o f  t h e  
•• i m p l a n t e d - C d T e  h a d  b e e n  m o d i f i e d  d u e  t o  i m p l a n t a t i o n .  / A  
f u r t h e r  o b j e c t  w a s  t o  t r y  t o i d i f f e r e n t i a t e  b e t w e e n  a c t i v i t y -  
i n d u c e d '  b y  i m p u r i t y  d o p i n g  a n d - t h a t  i n d u c e d  b y  r a d i a t i o n  '
. d a m a g e ' ,  . ; ■ - , . .• V ' ‘ . ..• '
[ B e c a u s e  o f  t h e  l a c k  o f  m a t e r i a l  a v a i l a b i l i t y  i t  . w a s  o n l y
p o s s i b l e  t o  t a k e  r e s u l t s  o n  H o r i z .  z „ - r e f .  m a t e r i a l .
6 . 3 . 1 01 H e a t  T r e a t m e n t  o f  U n i m p l a n t e d  M a t e r i a l
U n i m p l a n t e d  s p e c i m e n s  w e r e  h e a t  t r e a t e d ,  u n d e r  
c o n d i t i o n s  p r e v i o u s l y  d e s c r i b e d  ( S e e  p . 5 9 ) ,  u p  t o  6 0 0 ° C „
, I n  a l l  c a s e s  n o  m e a s u r e m e n t s  w e r e  p o s s i b l e -  u p  t o  4 5 0 ° C  
b e c a u s e  o f  t h e  h i g h  s p e c i m e n  r e s i s t a n c e  ( > 3  x  i O ^ o h m s /  £ j ) .  
A t  4 5 0 ° C  a n d  - a b o v e , m e a s u r e m e n t s  b e c a m e  p o s s i b l e .  T h e  
e l e c t r i c a l  c o n t a c t s  u s e d  w e r e  e i t h e r  a l l o y e d  I n  d o t s  
w h i c h  w e r e  f o u n d  t o  b e  p a r t i a l l y  r e c t i f y i n g  * o r  A u  
. e v a p o r a t e d  c o n t a c t s ,  w h i c h  w e r e  o h m i c .
I t  h a s  b e e n  r e p o r t e d   ^4  ^ t h a t  I n  a n d  A u  i n  C d T e  a r c  
d o n o r  a n d  a c c e p t o r  . i m p u r i t i e s ,  r e s p e c t i v e l y  a n d  t h u s  i t  w a s  
a s s u m e d  t h a t  a b o v e  4 5 0 ° C  t h e r m a l  c o n v e r s i o n  h a d ,  o c c u r r e d  
c r e a t i n g  p - t y p e  m a t e r i a l .  T h i s  w a s  f o u n d  t o  b e  a  s u r f a c e  
p h e n o m e n o n  a s  e t c h i n g ,  w h i c h  r e m o v e d  a  s u r f a c e  l a y e r  o f  
3  m i c r o n s ,  r e s t o r e d  t h e  r e s i s t i v i t y  b a c k  t o  i t s  o r i g i n a l '  
h i g h  v a l u e .
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T o  d i f f e r e n t i a t e  b e t w e e n  d a m a g e  a n d  d o p i n g  e f f e c t s  
i n e r t  A r  i o n s  w e r e  i m p l a n t e d  t o g e t h e r  w i t h  t h e  d o p a n t  
i m p u r i t i e s  I n ,  T e  a n d  B i .  T h e  i m p l a n t a t i o n s  w e r e  
p e r f o r m e d  a s  l i s t e d  u n d e r  ( 1 ) ,  ( 2 ) ,  ( 7 ) j ( 8 )> ( 9 ) ,  ( 1 3 ) ,
( 1 4 ) ,  ( 1 5 )  a n d  , ( 1 7 )  . o f  T a b l e  6 . 2 .  I m p l a n t e d  s a m p l e s
w e r e  m e a s u r e d ,  t o g e t h e r  w i t h  u n i m p l a n t e d  c o n t r o l  s p e c i m e n s ,  
a s  a  f u n c t i o n  o f  a n n e a l i n g  t e m p e r a t u r e  a n d  a f t e r  e a c h  
m e a s u r e m e n t  t h e  c o n t a c t s  w e r e  r e m o v e d  w i t h  d i l u t e  s u l p h u r i c  
a c i d .
A l l  s p e c i m e n s  i m p l a n t e d  a t  r o o m  t e m p e r a t u r e  s h o w e d  
n o  c h a n g e ,  w i t h i n  t h e  s e n s i t i v i t y  o f  t h e  m e a s u r i n g  e q u i p m e n t ,  
w i t h  s u b s e q u e n t  a n n e a l i n g  r e s u l t i n g  i n  t h e  s a m e  b e h a v i o u r  
a s  f o r  u n i m p l a n t e d  s a m p l e s .  . .
I t  h a s  b e e n  s h o w n  p r e v i o u s l y  f r o m  c h a n n e l l i n g  
m e a s u r e m e n t s  t h a t  t h e  e f f e c t s  o f  l a t t i c e  d i s o r d e r  c o u l d  b e  
r e d u c e d  b y  i m p l a n t i n g  i n t o  h e a t e d  ( 1 0 0 ° C  a n d  2 0 0 ° C )  
s u b s t r a t e s .  I n  a n  a t t e m p t  t o  c o r r e l a t e  d i s o r d e r  a n d  
e l e c t r i c a l  a c t i v i t y ,  s p e c i m e n s  i m p l a n t e d  a t  t h e s e  
t e m p e r a t u r e s  w e r e  i n v e s t i g a t e d  u s i n g  s h e e t  r e s i s t i v i t y  
t e c h n i q u e s .
O f  t h e , s p e c i m e n s  i m p l a n t e d  a t  1 0 0 ° C ,  o n l y  t h o s e  
i m p l a n t e d  w i t h  I n  p r o d u c e d  m e a s u r e a b l e  a c t i v i t y  w i t h  a l l  
o t h e r s  h a v i n g  t h e  s a m e  a n n e a l i n g  c h a r a c t e r i s t i c s  a s  
u n i m p l a n t e d  s a m p l e s .  F o r  I n  i r r a d i a t e d  s p e c i m e n s ,  s h e e t  
r e s i s t i v i t y  m e a s u r e m e n t s  a s  s h o w n  i n  F i g u r e  6 . 1 5 ( a )  w e r e  
o b t a i n e d  a f t e r  s p e c i m e n s  w e r e  a n n e a l e d  t o  l o w  t e m p e r a t u r e s .  
A c t i v i t y  g e n e r a t e d  a p p e a r e d  t o  b e  a  f u n c t i o n  o f  t h e  
a n n e a l  t e m p e r a t u r e  a n d  t h e  i m p l a n t e d  i o n  d o s e .  A b o v e  
a b o u t  3 5 0 ° C  r e s i s t i v i t i e s  i n c r e a s e d  s u c h  t h a t  a b o v e  5 0 0 ° C  
n o  m e a s u r e m e n t s  w e r e  p o s s i b l e .
I n c r e a s i n g  t h e  i m p l a n t a t i o n  t e m p e r a t u r e  t o  2 0 0 ° C  
p r o d u c e d  i n c r e a s e d  a c t i v i t y  f o r  t h e  I n  i m p l a n t s .  A c t i v i t y  
xvas a l s o  d e t e c t e d  i n  s p e c i m e n s  i m p l a n t e d  w i t h  B i  b u t  n o t .  
i n  T e  o r  A r  i m p l a n t e d  s p e c i m e n s 0 F o r  t h e : B i  i o n  
a c t i v i t y ,  I n  a l l o y e d  c o n t a c t s  w e r e  u s e d  a n d  f o u n d  t o  b e
6.3.1.2 Measurements on Implanted Material
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o h m i c  o v e r  t h e  m e a s u r e a b l e  t e m p e r a t u r e  r a n g e .  T h e  
r e s i s t i v i t i e s  o f  B i  i m p l a n t a t i o n s  w h i c h  a r e  s h o w n  i n  
F i g u r e  6 . 1 5 ( b ) ,  b e h a v e d  i n  a  s i m i l a r  w a y  t o  t h o s e  o f  t h e  
I n  s p e c i m e n s  i m p l a n t e d  a t  1 0 0 ° C .  ,
F o r  : t h e  s a m p l e s  i m p l a n t e d  w i t h  I n  a t  2 0 0 ° C ,  a c t i v i t y  
w a s  m e a s u r e d  b e f o r e  a n n e a l i n g .  T h i s  a c t i v i t y  i s  s h o w n  
i n  F i g u r e  6 , 1 6  w h e r h  a g a i n  r e s i s t i v i t y  v a l u e s  a p p e a r e d  
t o  h a v e  a  d o s e  a n d  t e m p e r a t u r e  d e p e n d e n c e .  T h e  
r e s i s t i v i t y  o f  t h e  h i g h e s t . d o s e  i m p l a n t  c h a n g e d  b y  
3  o r d e r s  o f  m a g n i t u d e  c o m p a r e d  t o  t h a t  o f  t h e  u n i m p l a n t e d  
s a m p l e .  O n . a n n e a l i n g  a b o v e  4-50°C  r e s i s t i v i t i e s  i n c r e a s e d  
a n d  i n  o n l y  t h e  h i g h e s t  d o s e  i m p l a n t  w a s  a c t i v i t y  d e t e c t e d  
a t  6 0 0 ° C .
L i m i t a t i o n s  i n  t h e  d e s i g n  o f  t h e  s p e c i m e n  h o l d e r  f o r  
t h e  6 0 0  k e V  a c c e l e r a t o r  ( S e e  s e c t i o n  5 . 3 . 5 )  p r e v e n t e d  
h i g h e r  i m p l a n t a t i o n . t e m p e r a t u r e s  b e i n g  u s e d .
6 . 3 . 2  H a l l  E f f e c t  M e a s u r e m e n t s
. T h e s e  m e a s u r e m e n t  w e r e  p e r f o r m e d  t o  d e t e r m i n e  c a r r i e r  
c o n c e n t r a t i o n s  a n d  m o b i l i t i e s ,  s u c h  t h a t  s o m e  i n s i g h t  i n t o  t h e  
e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  t h e  i m p l a n t e d  l a y e r  c o u l d  b e  
o b t a i n e d .  .
, F r o m  t h e  s p e c i m e n s  i m p l a n t e d  w i t h  I n  a t  1 0 0 ° C  a n d  t h o s e  
i m p l a n t e d  w i t h  B i  a t .  2 0 0 ° C  t h e  H a l l  v o l t a g e s ,  a l t h o u g h  d e t e c t e d ,  
w e r e  t o o  s m a l l  f o r  r e l i a b l e  m e a s u r e m e n t .  S p e c i m e n s  i m p l a n t e d  
w i t h  I n  a t  2 0 0 ° C  a l s o  s h o w e d  a  H a l l  E f f e c t  b u t  c o n s i s t e n t  
v o l t a g e s  w e r e  n o t  a t t a i n e d  u n t i l  s a m p l e s  w e r e  a n n e a l e d  t o  
4 5 0 ° C .  A t  t h i s -  s t a g e  ( a r r o w e d  i n  F i g u r e  6 . 1 6 )  H a l l  
m e a s u r e m e n t s  w e r e  t a k e n  o v e r  t h e  t e m p e r a t u r e  r a n g e  7 7 o K - 3 0 0 ° I C  
a n d  r e s u l t s  a r e  s h o w n  i n  F i g u r e  6 . 1 7 .  • - •
R e s u l t s  i n d i c a t e d  a  d o s e  d e p e n d e n c e  o n  m o b i l i t y  a t  r o o m  
t e m p e r a t u r e  a n d  a  m a r k e d  c a r r i e r  c o n c e n t r a t i o n  d e p e n d e n c e  
b e l o w  1 5 0 ° K .  B e l o w  1 0 0 ° K  t h e  r e s i s t i v i t y  b e c a m e  t o o  h i g h  
f o r  e f f e c t i v e  m e a s u r e m e n t .  M o b i l i t y  v a l u e s  a r e  c o m p a r e d  i n  
F i g u r e  6 . 1 7 ( c )  w i t h  r e s u l t s  f r o m  I n  d i f f u s e d  C d T e  o b t a i n e d  
b y  S e g a l l  e t  a l  ( 25 ) .  S o m e  s i m i l a r i t y  w i t h  t h e i r  r e s u l t s  w a s  
o b t a i n e d  a t  l o w  9 0 ° K )  t e m p e r a t u r e s .
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A s  w a s  s t a t e d  i n  S e c t i o n  5 . 3 . 2 ,  t o  a p p l y  t h e  T h e r m o ­
s t i m u l a t e d  C u r r e n t  ( T S C )  t e c h n i q u e  t o  C d T e  i t  w a s  n e c e s s a r y  
t o  u s e  s p e c i m e n s  w i t h  a n  e f f e c t i v e  h i g h  b u l k  r e s i s t i v i t y  s u c h  
t h a t  r e s i s t a n c e s  b e t w e e n  c o n t a c t s  w e r e  g r e a t e r  t h a n  1 0 s  o h m s .
A s  o h m i c  c o n t a c t s  w e r e  u s e d  i n  t h i s  s t u d y ,  h i g h  r e s i s t i v i t y  
m a t e r i a l  w a s  r e q u i r e d .  O f  t h e  m a t e r i a l  a v a i l a b l e  o n l y  t h e  
H o r i z .  z . - r e f .  C d T e  a n d  t h e  d e t e c t o r  m a t e r i a l  f r o m  H u g h e s  h a d  
r e s i s t i v i t i e s  g r e a t  e n o u g h  t o  f u l f i l  t h i s  c o n d i t i o n .
T h e  o b j e c t  o f  t h e  TSC. m e a s u r e m e n t s  w a s  t o  i n v e s t i g a t e  t h e  
b e h a v i o u r  o f  s o m e  o f  t h e  d e f e c t  l e v e l s  i n  t h e  C d T e  b a n d g a p  
w h e n  p a r a m e t e r s  s u c h  a s  a n n e a l  t e m p e r a t u r e  a n d  i m p l a n t . d o s e  
• w e r e  c h a n g e d .  I t  w a s  h o p e d  t h a t  c o r r e l a t i o n  c o u l d  b e  a c h i e v e d  
b e t w e e n  t h e s e  o b s e r v a t i o n s  a n d  t h o s e  u s i n g  t h e  c h a n n e l l i n g  a n d  
; s h e e t  r e s i s t i v i t y  m e a s u r e m e n t  t e c h n i q u e s .
V a r i o u s  s a m p l e s  f r o m  i m p l a n t s  ( 1 ) ( 7 ) ( 1 3 )  a n d  ( 1 5 )
[ T a b l e '  6 . 2 ] w e r e  a n a l y s e d ,  a f t e r  i n d i u m  a l l o y e d  o r  e v a p o r a t e d  
c o n t a c t s  w e r e  p l a c e d  o n  o p p o s i t e  c o r n e r s .  S a m p l e s  ■were 
,i a n n e a l e d  u p  t o  3 0 0 ° C  a n d  b e f o r e  e a c h  a n n e a l  t h e  c o n t a c t s  
w e r e  c a r e f u l l y  r e m o v e d  w i t h  d i l u t e  s u l p h u r i c  a c i d .
F o r  t h e  H u g h e s  d e t e c t o r ,  m a t e r i a l  t h e  a l u m i n i u m  c o n t a c t s ,  
w h i c h  w e r e  n o t  r e m o v e d  b e f o r e  a n n e a l i n g ,  a p p e a r e d  t o  b e  
u n a f f e c t e d  b y  t e m p e r a t u r e .  T h i s  m a t e r i a l  w a s  o n l y  u s e d  f o r  
p r o t o n  i r r a d i a t i o n ,  u n d e r . ' . i m p l a n t  c o n d i t i o n s  s h o w n  i n  T a b l e  6 . 3  
b e l o w .  T h e  s p e c i m e n s  i m p l a n t e d  w i t h  h e a v y  i o n s  w e r e  a l l  
p r e p a r e d  f r o m  t h e  H o r i z .  z . - r e f . m a t e r i a l .  .; ■ '
T a b l e  @.3 P r o t o n  i m p l a n t a t i o n s  i n t o  H i g h  P M o d .  B r i d g .
C d T e  ( D e t e c t o r  m a t e r i a l ) a t  r o o m  t e m p e r a t u r e
I 6 o 3 . 3 Thermostimulated Current Measurements
I m p l a n t
N o
I o n E n e  r g y  
KeV
D o s e  
i o n s / c m 2
O r i e n t a t i o n D o s e  r a t e  
nA /cm 2
( 1 9 ) f H 5 0
115 x 1 0 9°  o f f  <11 p 5 0
L h 4 0 0 S x l O 11 9 °  o f f  < 1 1 3> 50:
( 20) (' h 5 0 5 x l 0 12 9 °  o f f  <111> 8 0
(( H 4 0 0 • '• 5 x l 0 12 9 °  o f f  <L1J> 8 0
T h e  t w o  p r o t o n  e n e r g i e s  u s e d ,  p r o d u c e d  a  m o r e  u n i f o r m  
d i s t r i b u t i o n  o f  p o i n t  d e f e c t s  t h r o u g h o u t  t h e  c r y s t a l  t h a n  a  
s i n g l e . e n e r g y  i m p l a n t a t i o n .
A t y p i c a l  s e r i e s  o f  T S C  s p e c t r a  a r e  s h o w n  i n  F i g u r e  6 , 1 8  
f o r  t h e  H o r i z .  z . - r e f .  C d T e ,  i m p l a n t e d  w i t h  1 x  T O 1 6 i o n s / c m 2 
o f  1 0 0  k e V  B i  i o n s  a n d  p r o g r e s s i v e l y  a n n e a l e d  u p  t o  3 Q 0 ° C .
T h e  e f f e c t  o f  v a r y i n g  t h e  h e a t i n g  r a t e  i s  s h o w n  o v e r  t h e  f i r s t  
l o w  t e m p e r a t u r e  p e a l c ,  w i t h  t h e  f a s t e r  r a t e s  p r o d u c i n g  p e a k s  
a t  h i g h e r  t e m p e r a t u r e s .  T h e  d o t t e d  l i n e s  o n  t h e  h i g h e r  
t e m p e r a t u r e  p e a k s  s h o w  t h e  e f f e c t  o f  t h e r m a l  c l e a n i n g  ( s e e  p . 4 2 )  
E n e r g y  l e v e l  p o s i t i o n s  w e r e  c a l c u l a t e d  f r o m  e q u a t i o n  4 - ( 2 8 )  
( G r o s s w e i n e r )  w i t h  t h e  io w  t e m p e r a t u r e  p e a k  a l s o  b e i n g  
c a l c u l a t e d  u s i n g  e q u a t i o n  4 ~ ( 2 9 ) ;  t h e  r e s u l t  i s  s h o w n  i n  
b r a c k e t s . V .
R e s u l t s  f o r  o t h e r  i m p l a n t s  a r e  s h o w n  i n  T a b l e  6 . 4  f o r  
H o r i z .  z . - r e f .  m a t e r i a l  a n d  T a b l e  6 . 5  f o r  t h e  H u g h e s  d e t e c t o r  
m a t e r i a l .  •
B e c a u s e  o f  t h e  h i g h  r e s i s t a n c e s  i n v o l v e d  n o  i n d i c a t i o n  o f  
t h e  d o m i n a n t  c a r r i e r  t y p e  c o u l d  b e  a s c e r t a i n e d ,  t h e r e f o r e  t r a p  
d e p t h s  a r e  q u o t e d  a s  r e l a t i v e  v a l u e s  r a t h e r  t h a n  d i s t a n c e s  
f r o m  t h e  c o n d u c t i o n  o r  v a l e n c e  b a n d s .
A r e a s  u n d e r  p e a k s ,  w h i c h  g i v e  a  m e a s u r e  o f  t h e  t r a p  
d e n s i t y ,  w e r e  m e a s u r e d  b u t  a s  n o  o v e r a l l  p a t t e r n  i n  a r e a s  ■'was 
d e t e c t a b l e ,  a n d  a s  t h e  r e p r o d u c i b i l i t y  o f  a r e a s  w a s  
u n s a t i s f a c t o r y ,  r e s u l t s  a r e  n o t  i n c l u d e d .  S o m e  g e n e r a l  
t r e n d s  i n  a r e a  d i d  a p p e a r  h o w e v e r  a n d  t h e s e  w i l l  b e  i n d i c a t e d  
w h e r e  r e l e v a n t ,
A t r a p p i n g  l e v e l  a t  0 , 1 1  ± 0 . 0 1  eV  a p p e a r e d  i n  a l l  
s a m p l e s  o f  t h e  H o r i z .  z . - r e f .  m a t e r i a l ,  w h e t h e r  t h e  m a t e r i a l  
w a s  i m p l a n t e d  o r  u n i m p l a n t e d  a n d  w a s  n o t  a f f e c t e d  b y  l o w  
t e m p e r a t u r e  a n n e a l i n g .  O t h e r  l e v e l s ,  p r o d u c e d  b y  h e a v y  i o n  
b o m b a r d m e n t  w e r e  d e t e c t e d  a t  0 . 3 0  1* 0 . 0 3  e V ,  0 . 4 0 ±  0 , 0 4  eV  
a n d  0 . 5  t  0 . 0 5  e V . T h e  a r e a s  u n d e r  t h e  p e a k s  p r o d u c e d  b y  
t h e s e  l e v e l s  d i m i n i s h e d  w i t h  a n n e a l  t e m p e r a t u r e  s u c h  t h a t  b y  
3 0 0 ° C  n o  l e v e l s  w e r e  d e t e c t a b l e .
N o  t r a p p i n g  l e v e l s  w e r e  d e t e c t e d  i n  t h e  H u g h e s  D e t e c t o r  
m a t e r i a l  p r i o r  t o  i m p l a n t a t i o n .  On h e a t i n g  u n i m p l a n t e d
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F ig .6 J8>Thermos.timulated Current v s . Temp, for H oriz. Zone Ref.
CclTe. • ■ . . :
. . . Implanted with 1 x 1.016 Bi /cm2 at 100 KeV;for various 
annealing tem peratures. .
T a b l e  6 ,4  T h e r m o - s t i m u l a t e d  p e a l c  p o s i t i o n s  f o r  h e a v y  i o n
’ . i m p l a n t e d  H o r i z o n t a l l y  z o n e  r e f i n e d  C d T e
A l l  i o n  e n e r g i e s  lO O K e v  [ E x c e p t  f o r  A r  i o n  i m p l a n t a t i o n ]
T a b l e  6 .5  T h e r m o - s t i m u l a t e d  p e a l c  p o s i t i o n s  f o r  p r o t o n
i r r a d i a t i o n  i n t o  H u g h e s  d e t e c t o r  m a t e r i a l
I m p l  . 
N o .
I o n D o s e
I o n s / c m 2
A n n e a l  
T e m p  ° C
P e a k  p o s i t i o n  i n  eN
fc 
.
o?! + 0 . 0 5
U n i m p l a n t e d RT —_ _
0 . 5 54 0 0 — _»
( 1 9 ) H I x l O 12 RT. 0 . 2 5 0 . 5 5
3 0 0 •— — -------
> 4 0 0 ------ . -------
( 2 0 ) H I x l O 13 RT 0 . 2 8 0 . 5 3
3 0 0 ——
4 0 0 0 . 5 0
8 8
m a t e r i a ] ,  t o  4 0 0 ° C  a  l e v e l  w a s  d e t e c t e d  a t  0 „ 5 5 ±  0 . 0 5  e V .  Two 
l e v e l s ,  w h i c h  w e r e  d e t e c t e d  a t  0 o2 5  t  0 o0 2  eV a n d  0 . 5 5  i  0 , 0 5  e V , 
a f t e r  p r o t o n  b o m b a r d m e n t  d i s a p p e a r e d  on-  a n n e a l i n g  s a m p l e s  t o  
1 5 0 ° C o O n  f u r t h e r  a n n e a l i n g  h o w e v e r  t o  4 0 0 ° C  a  l e v e l  w a s  
p r o d u c e d  s i m i l a r  t o  t h a t  g e n e r a t e d  i n  t h e  u n i m p l a n t e d  m a t e r i a l .
A f t e r  h e a t  t r e a t m e n t  o f  , t h e  H o r i z .  z 0- r e f „  C d T e  a b o v e  3 0 0 ° C  a n d  
t h e  H u g h e s  d e t e c t o r  m a t e r i a l ; a b o v e  4 0 0 ° C  t h e  d a r k  c u r r e n t s  
b e c a m e  t o o  h i g h  f o r  r e l i a b l e  m e a s u r e m e n t . H i g h  d a r k  c u r r e n t s  
a n d  a  l o w e r i n g  o f  t h e  r e s i s t a n c e  b e t w e e n  c o n t a c t s  i n  s a m p l e s  
i m p l a n t e d  a t  1 0 0 ° C  a n d  2 0 0 ° C ,  w e r e  t h e  r e a s o n  w h y  m e a s u r e m e n t s  
w e r e  n o t  p o s s i b l e  o n  e l e v a t e d  t e m p e r a t u r e  i m p l a n t s .
E r r o r s  i n  E T a s s o c i a t e d  w i t h  TSC  m e a s u r e m e n t s  c a n  b e  l i s t e d  
a s  d u e  t o  : -
( a )  T e m p e r a t u r e  l a g  b e t w e e n  t h e r m o c o u p l e  a n d  s p e c i m e n
( b )  i n t e r a c t i o n  b e t w e e n  a d j a c e n t  c u r r e n t  p e a k s
( c )  C h a n g e s  i n  c o n t a c t  g e o m e t r y  w h i c h  m a y  a l t e r  t h e  v a l u e ,  
o f  C i n  e q u a t i o n  4 - ( 2 7 )  a n d  h e n c e  m a y  e f f e c t  t h e  s h a p e  
o f  t h e  I - T  c u r v e .
T h e  e r r o r  i n t r o d u c e d  b y  ( a )  w a s  a s s e s s e d  b y  m e a s u r i n g  
t e m p e r a t u r e s  f r o m  t h e r m o c o u p l e s  a t t a c h e d  t o  t h e  s u r f a c e  a n d  
u n d e r s i d e  o f  a  C d T e  s a m p l e  f i t t e d  i n  t h e  T S C  c r y o s t a t . B e t w e e n  
7 7 ° K  a n d  87°IC  a  m a r k e d  t e m p e r a t u r e  l a g  w a s  r e c o r d e d  a c r o s s '  t h e  
s p e c i m e n .  A f t e r  a  f u r t h e r  1 0 ° K  r i s e  a  c o n s t a n t  t e m p e r a t u r e  
d i f f e r e n t i a l  w a s  e s t a b l i s h e d ,  a n d  t h e  s p e c i m e n  w a r m e d  a t  a  s t e a d y  
r a t e  e q u a l  t o  t h a t  o f  t h e  c o l d  f i n g e r  b u t  w i t h  a  2 d e g r e e s  
t e m p e r a t u r e  l a g .  T h e  i n i t i a l  u n e v e n  r a t e  l e d  t o  e r r o r s  i n  t h e  
d e t e r m i n a t i o n  o f  T*. [ s e e  e q u a t i o n  4 - ( 2 8 ) ]  f o r  t h e  l o w e s t  
t e m p e r a t u r e  p e a k .  A b o v e  t h i s  t e m p e r a t u r e  r a n g e  e r r o r s  i n  E ^  
a s s o c i a t e d  w i t h  t e m p e r a t u r e  r e s p o n s e  w e r e  s m a l l  ( e s t i m a t e d  a t  *- 1% ) ,
F o r  ( b ) ,  p e a k s  a s s o c i a t e d  w i t h  d e e p  l e v e l s  o v e r l a p ,  m a k i n g  t h e  
a s s e s s m e n t  o f  T  1 [ u s e d  i n  e q u a t i o n  4 - - ( 2 8  ) ]  d i f f i c u l t .  T h e r m a l  
c l e a n i n g  m a d e  T ! m e a s u r e m e n t  e a s i e r  b u t  s o m e  e r r o r s  w e r e  s t i l l  
p r e s e n t  a s  r e s i d u a l  e f f e c t s  f r o m  s h a l l o w  l e v e l s  w e r e  n e v e r  f u l l y  
e l i m i n a t e d .
F r o m  r e p e a t e d  t e m p e r a t u r e  m e a s u r e m e n t s  a n  e r r o r  o f  
1 6% w a s  a s s i g n e d  t o  T.’ p r o d u c i n g  a n  a p p r o x i m a t e  1* 1 0 %  e r r o r  - i n  E.p.
E f f e c t s  o f  c h a n g e s  i n  c o n t a c t  g e o m e t r y  ( c )  o n  t h e  I - T  c u r v e  
w e r e  n o t  i n v e s t i g a t e d  b u t  f o r  t h e  a b o v e  r e s u l t s  a l l  s a m p l e  s i z e s  
(5mm x  5mm) a n d  s a m p l e  c o n t a c t s  w e r e  s t a n d a r d i s e d .  T h u s  e r r o r s  
a s s o c i a t e d  w i t h  v a r y i n g .  C w e r e  k e p t  s m a l l .
F r o m  b o t h  s h e e t  r e s i s t i v i t y  a n d  TSC m e a s u r e m e n t s , i t  a p p e a r s  
t h a t  t e m p e r a t u r e  e f f e c t s  a b o v e  a b o u t  4 0 0 ° C  p r o d u c e  g r o s s  c h a n g e s  
i n  t h e  e l e c t r i c a l  b e h a v i o u r  o f  i m p l a n t e d  l a y e r s .
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I n  t h e  p r e v i o u s  c h a p t e r  e x p e r i m e n t a l  r e s u l t s  w e r e  p r e s e n t e d  u n d e r  
h e a d i n g s  o f  s t r u c t u r a l  a n d  e l e c t r i c a l  e f f e c t s .  I n  t h i s  c h a p t e r  t h e  
a i m  i s  t o  c o r r e l a t e  w h e r e  p o s s i b l e  t h o s e  o b s e r v a t i o n s  a n d  t o  s h o w  h o w  
t h e  p r o p e r t i e s  o f  C d T e  c a n  b e  m o d i f i e d  b y  i . o n  i m p l a n t a t i o n .  V a r i a t i o n s  
o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  m a t e r i a l  a s  a  f u n c t i o n  o f  g r o w t h  m e t h o d  
w i l l  a l s o  b e  p r e s e n t e d  t o  g i v e  s o m e  i n s i g h t  i n t o  t h e  b e h a v i o u r  o f  
u n i m p l a n t e d  m a t e r i a l .
B e f o r e  d i s c u s s i n g  t h e  r e s u l t s  p r e s e n t e d  i n  t h e  p r e v i o u s  c h a p t e r  
h o w e v e r ,  s o m e  r e s e r v a t i o n s  m u s t  b e  s t a t e d  c o n c e r n i n g  t h e  i n t e r p r e t a t i o n  
o f  d a t a .  T h e  v a r i a t i o n s - i n  g r o w t h  m e t h o d  a n d  s o u r c e s  o f  m a t e r i a l  w e r e  
e x p e c t e d  t o  p l a y  a  s i g n i f i c a n t  p a r t  i n  d e t e r m i n i n g  t h e  p r e - i r r a d i a t e d  
C d T e  d e f e c t  a n d  i m p u r i t y . c o n t e n t . I t  i s  c o n c e i v a b l e  t h a t  d e f e c t  
d e n s i t i e s  f r o m  s l i c e  t o  s l i c e  o f  a  p a r t i c u l a r  i n g o t  c o u l d  h a v e  h a d  
s i m i l a r ,  i f  n o t  g r e a t e r ,  v a r i a t i o n s  t h a n  s a m p l e s  f r o m  d i f f e r e n t  i n g o t s .  
T h i s  v a r i a t i o n  w a s  s u i t a b l y  i l l u s t r a t e d  b y ' K y l e ( l §  ) w h o ,  f r o m  
r e s i s t i v i t y  m e a s u r e m e n t s ,  f o u n d  a b o u t  a n  80%  f l u c t u a t i o n  a l o n g  a  1 . 4 cm  
l o n g  m o d i f i e d  B r i d g m a n  g r o w n  i n g o t .
T o  m i n i m i z e  t h e  a b o v e  v a r i a t i o n s ,  s a m p l e s  w e r e  t a k e n  f o r  a  
p a r t i c u l a r  g r o u p  o f  e x p e r i m e n t s  f r o m  o n e  s l i c e .  A d j a c e n t  s l i c e s  w e r e  
u s e d  f o r  s i m i l a r  g r o u p s  o f  e x p e r i m e n t s ,  f o r  e x a m p l e  I n ,  T e  a n d  B i  ' 
r o o m  t e m p e r a t u r e  i m p l a n t s  i n v o l v e d  t h r e e  a d j a c e n t  s l i c e s ,  w h i l e  s i m i l a r  
a r r a n g e m e n t s  w e r e  m a d e  f o r  t h e  h o t  i m p l a n t s  a n d  f o r  e l e c t r i c a l  s t u d i e s .
T h r o u g h o u t  t h i s  w o r k m e a s u r e m e n t s  w e r e  r e p e a t e d  t o  c h e c k  f o r  s a m p l e  
p r o p e r t y  v a r i a t i o n s .  T h e  r e a d e r  m u s t  b e a r  i n  m i n d  t h a t  r e s u l t s  m a y  
b e  i n f l u e n c e d  t o  a n  u n k n o w n  e x t e n t  b y  t h e s e  v a r i a t i o n s .
7 . 1  O b s e r v e d  P r o p e r t i e s  D e p e n d e n t  o n  C r y s t a l  G r o w t h
P r o p e r t i e s  a s s o c i a t e d  w i t h  t h e  g r o w t h  o f  C d T e  h a v e  b e e n
o b s e r v e d  t h r o u g h o u t  t h i s  s t u d y  a n d  c a n  b e  l i s t e d  a s
( a )  E t c h  r a t e  v a r i a t i o n s
( b  ) E l e c t r i c a l  b u l k  p r o p e r t i e s
( c )  S u r f a c e  e l e c t r o n i c  p r o p e r t i e s
( d )  R e o r d e r i n g  o f  t h e  l a t t i c e  w i t h  t e m p e r a t u r e
( e )  A r g o n  d a m a g e  e f f e c t s  ( S e e  F i g u r e  6 . 6 )
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S e v e r a l  o f  t h e s e  v a r i a t i o n s  c o u l d  b e  e x p l a i n e d  a s  d i f f e r e n t  
a s p e c t s  o f  t h e  s a m e  p h e n o m e n o n  a n d  t h e s e  a r e  d i s c u s s e d  b e 3 . o w . '
7 . 1 . 1  L o w  T e m p e r a t u r e  L a t t i c e  R e o r d e r i n g  , • ,
U n i m p l a n t e d  d a d m i u m  t e l l u r i d e  g r o w n  b y  t h e  m e t h o d s  
d e s c r i b e d  e a r l i e r  ( S e e  p . 1 2 )  s h o w e d  s o m e  l a t t i c e  r e o r d e r i n g  
d u r i n g  h e a t  t r e a t m e n t .  O f  t h e  t h r e e  c r y s t a l  t y p e s ,  M o d .
B r i d g ,  g r o w n  C d T e  s h o w e d  t h e  g r e a t e s t  r e o r d e r i n g  a n d  
d i s c u s s i o n  i n  t h i s  s e c t i o n  w i l l  b e  l i m i t e d  t o  t h i s  m a t e r i a l .
A n n e a l i n g  p r o d u c e d  a n  i n c r e a s e  i n  l a t t i c e  o r d e r  a n d  a l s o  
h a d  t h e  e f f e c t  o f  i n c r e a s i n g  t h e  b u l k  c a r r i e r  c o n c e n t r a t i o n .
T h i s  e n h a n c e m e n t  c o u l d  h a v e  b e e n  c a u s e d  b y  t h e  a n n i h i l a t i o n  
o f  e l e c t r o n  t r a p s ,  w h i c h  e x i s t e d  i n  t h e  a s - g r o w n  i n g o t .
C a r r i e r  m o b i l i t i e s  a t  l o w  t e m p e r a t u r e s  w o u l d  b e  i n c r e a s e d  
b y  t h e  d i m i n i s h e d  c o n c e n t r a t i o n s  o f  d e f e c t  s c a t t e r i n g  c e n t r e s ,  
a n d  c u r v e s  s i m i l a r  t o  t h o s e  s h o w n  i n  F i g u r e  2 . 2  w e r e  t o  b e  
e x p e c t e d .  T h e  e x p e r i m e n t a l  a r r a n g e m e n t  e m p l o y e d  i n  t h i s  
s t u d y  a l l o w e d  m e a s u r e m e n t s  t o  b e  t a k e n  o n l y  t o  7 7 ° K .
T h e  p o o r  c r y s t a l l i n i t y  o f  t h e  M o d .  B r i d g ,  C d T e  a t  r o o m  
t e m p e r a t u r e  a p p a r e n t l y  c o n t r i b u t e d  t o  t h e  e n h a n c e d  d a m a g e  
p e a k  ( S e e  F i g u r e  6 . 6 ) p r o d u c e d  b y  t h e  a r g o n  i o n  i m p l a n t a t i o n s .  
S m a l l  d o s e s  o f  A r  i o n s  w e r e  s u f f i c i e n t  t o  p r o d u c e  a  l a r g e  
d e g r e e  o f  d i s o r d e r ,  w i t h  a  r e s u l t i n g  i n c r e a s e  i n  d e c h a n n e l l i n g .
I t  w a s  f o r  t h i s  r e a s o n  a n d  t h e  l a t t i c e  r e o r d e r i n g  d e p e n d e n c e  
o n  t e m p e r a t u r e  t h a t  l i t t l e  r e s e a r c h  w a s  d o n e  o n  t h i s  m a t e r i a l .
T h e  r e a s o n s  f o r  l a t t i c e  r e o r d e r i n g  r e m a i n  s o m e w h a t  
u n c e r t a i n .  I n i t i a l l y  i t  w a s  b e l i e v e d  t h a t ,  a s  t h e  M o d ,  B r i d g .  
m a t e r i a l  c o n s i s t e d  o f  i n g o t  e n d  p i e c e s ,  d e f e c t  d e n s i t i e s  
w o u l d  b e  h i g h  a n d  t h e r e f o r e  s o m e  t e m p e r a t u r e  e f f e c t s  w e r e  
e x p e c t e d .  H o w e v e r , l a t e r  i n f o r m a t i o n (106) i n d i c a t e d  t h a t  
t h e s e  p i e c e s  w e r e  r e p r e s e n t a t i v e  o f  t h e  b u l k  c r y s t a l .
I t  m a y  b e  t h a t  a s  t h e  B r i d g m a n  g r o w t h  p r o c e s s  i n v o l v e d  
n o  z o n e - r e f i n i n g ,  ( S e e  p . 1 2 )  t h e  b e s t  c r y s t a l l i n i t y  w a s  n o t  
f u l l y  r e a l i s e d  a f t e r  o n l y  o n e  p a s s  o f  t h e  h i g h  t e m p e r a t u r e  
g r o w t h  z o n e .  S i n c e  t h e s e  r e s u l t s  w e r e  f i r s t  r e p o r t e d ,  o t h e r s (107) 
h a v e  o b s e r v e d  r e o r d e r i n g  i n  s a m p l e s  t a k e n  f r o m  t h e  c e n t r e  o f  
M o d .  B r i d g .  g r o w n  C d T e  i n g o t s .
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T h e r m a l  p r o b e  m e a s u r e m e n t s  r e v e a l e d  t h r e e  s u r f a c e  e f f e c t s  
w h i c h  c a n  b e  l i s t e d  a s  : -
( i )  A n  i n v e r s i o n  l a y e r  o n  t h e  s u r f a c e  o f  a l l  n - t y p e  C d T e
( i i ) A n  a p p a r e n t  g r o s s  r e d u c t i o n  o f  t h e  m a j o r i t y  c a r r i e r s  
o n  t h e  M o d .  B r i d g .  m a t e r i a l  w i t h  h e a t  t r e a t m e n t  
[ S e e  F i g u r e  6 . 3  ( b )  ]
( i i i )  A m o d i f i c a t i o n  o f  t h e  s u r f a c e  p r o p e r t i e s  o f  s e m i -  
i n s u l a t i n g  C d T e  w h i c h  i s  d e p e n d e n t  o n  a n n e a l i n g  
m e t h o d .
T h e  i n v e r s i o n  p h e n o m e n o n  w a s  a s c r i b e d  t o  t h e  a c t i o n  o f  
a n  a d s o r b e d  l a y e r  o f  o x y g e n ( 103) o n  t h e  C d T e  s u r f a c e .  C h a n g e s  
i n  p h o t o v o l t a g e (163) } t h e  a n o m o l o u s  r e c t i f i c a t i o n
p r o p e r t i e s (184) Qf  t h e  m a t e r i a l ,  h a v e  b e e n  a t t r i b u t e d  t o  t h i s  
l a y e r .  B o d a lc o v  e t  a l ( l 8 4 )  ±n a  s t u d y  o f  p - t y p e  c r y s t a l s ,  
f o u n d  t h a t  t h e r m a l  p r o b e  r e a d i n g s ,  a l t h o u g h  n o t  i n v e r t e d , w e r e  
r e d u c e d  b y  t h e  p r e s e n c e  o f  o x y g e n .
T h e  i d e a  o f  a n  o x y g e n  l a y e r  w a s  f u r t h e r  r e i n f o r c e d  b y  
t h e  t i m e  d e p e n d e n c e  o f  t h e  p r o b e  r e a d i n g  o n  f r e s h l y  e t c h e d  
C d T e .  T h e  i n v e r s i o n  o f  s i g n  o f  t h e  e m f  [ S e e  F i g u r e  6 . 3 ( a ) ]  
a f t e r  a b o u t  6 0  s e c o n d s  i n d i c a t e d  a  r a p i d  a d s o r b t i o n  p r o c e s s .  
A f t e r  a  f u r t h e r  3 0 0 0  s e c o n d s  t h e  p r o b e  r e a d i n g  s t a b i l i s e d ,  
w h i c h  s u g g e s t e d  t h a t  t h e  o x y g e n  w a s  i n  e q u i l i b r i u m  w i t h  t h e  
C d T e  s u r f a c e .  A s i m i l a r  r a p i d  c h a n g e . i n  t h e  C d T e  p h o t o v o l t a g e  
h a s  b e e n  o b s e r v e d  b y  B r i n c o u r t (103) a f t e r  a i r  w a s  i n t r o d u c e d  
t o  t h e  s u r f a c e  o f  a  s p e c i m e n  c l e a v e d  i n  v a c u u m .
T h e  g r o s s  c h a n g e s  i n  t h e r m a l  p r o b e  r e a d i n g s  p r o d u c e d  b y  
a n n e a l i n g  ( i i ) M o d .  B r i d g .  C d T e  [ S e e  F i g u r e  6 . 3 ( b ) ]  w e r e  t o o  
l a r g e  t o  b e  e x p l a i n e d  b y  t h e  e n h a n c e d  c a r r i e r  c o n c e n t r a t i o n  
o f  t h e  b u l k  m a t e r i a l .  T h e s e  c h a n g e s ,  a n d  t h e  p - t y p e  
r e a d i n g  ( i i i )  o f  t h e  s e m i - i n s u l a t i n g  H o r i z .  Z . - r e f .  C d T e  
p r o d u c e d  b y  h e a t  t r e a t m e n t  w e r e  a t t r i b u t e d  t o
( a )  G e n e r a t i o n  o f  a  n a t i v e  a c c e p t o r - l i k e  d e f e c t ,  
p o s s i b l y  a  c a d m i u m  v a c a n c y  a s .  p o s t u l a t e d  b y  
D e  N o b e l  ( 4 . )  #
( b )  L o s s  o r  m o d i f i c a t i o n  o f  t h e  o x y g e n  a t  t h e  o x y g e n - C d T e  
i n t e r f a c e .
7.1.2 Surface Properties
A c c e p t o r “ l i k e  a c t i v i t y  h a s  b e e n  o b s e r v e d  o n  t h e  C d T e  
s u r f a c e  a f t e r  t h e  m a t e r i a l  w a s  a n n e a l e d  u n d e r  l o w  C d  
p r e s s u r e s ^  ) .  T h u s  i n  F i g u r e  6 . 3 ( b )  f o r  t h e  M o d .  B r i d g .  
m a t e r i a l  t h e r m a l l y  g e n e r a t e d  a c c e p t o r s  w e r e  e x p e c t e d  t o  
e n h a n c e  t h e  p - t y p e  p r o b e  r e a d i n g .  I f  a d s o r b e d  o x y g e n  w a s  
b e i n g  l o s t  f r o m  t h e  s u r f a c e  a b o v e  1 5 0 ° C  a s  p o s t u l a t e d  b y  
U r l i ( l 0 8 ) ,  t h e n  t h e  e f f e c t  o f  t h e  i n v e r s i o n  l a y e r  w o u l d  b e  
r e d u c e d .  T h i s  r e d u c t i o n  w o u l d  p r o d u c e  a  t r e n d  t o w a r d s  a n  
n - t y p e  r e a d i n g .  T h u s  i t  i s  p o s t u l a t e d  t h a t  t h e  t w o  p r o c e s s e s  
a r e  i n  c o m p e t i t i o n ,  w i t h  t h e  o x y g e n  r e m o v a l  a t  h i g h  
t e m p e r a t u r e s  a s s u m e d  t o  b e  t h e  d o m i n a n t  p r o c e s s .  I t  c a n  
o n l y  b e  s u g g e s t e d  t h a t  t h e  i n d e p e n d e n c e  . o f  t h e  t h e r m a l  p r o b e  
r e a d i n g  w i t h  t e m p e r a t u r e  f o r  t h e  l o w  r e s i s t i v i t y  H o r i z .  z . - r e f .  
C d T e  w a s  d u e  t o  a  m o r e  e q u a l  c o m p e t i t i o n  b e t w e e n  t h e  t w o  
p r o c e s s e s .
F o r  s e m i - i n s u l a t i n g  C d T e  t h e  p - t y p e  r e a d i n g s  w e r e  t h o u g h t  
t o  b e  c a u s e d  b y  g e n e r a t i o n  o f  a c c e p t o r s  p r o d u c e d -  b y  a n n e a l i n g .  
.T h e  d i f f e r i n g  r e s u l t s  f r o m  t h e  t w o  a n n e a l i n g  m e t h o d s  w a s  
e x p l a i n e d  b y  t h e  f a c t  t h a t  o v e r - p r e s s u r e s  f r o m  t h e  o u t - d i f f u s i n g  
C d  i n  t h e  q u a r t z  a m p o u l e  w a s  h i g h  c o m p a r e d  w i t h  t h a t  i n  t h e  
a r g o n  g a s  s t r e a m .  T h i s  c o m p a r a t i v e l y  h i g h  p r e s s u r e  t e n d e d  
t o  s u p p r e s s  f u r t h e r  o u t - d i f f u s i o n  a n d  t h u s  i n h i b i t e d  t h e  
i n c r e a s e  i n  s u r f a c e  a c c e p t o r  c o n c e n t r a t i o n .  N o s u c h  
c o n f i n i n g  a t m o s p h e r e  e x i s t e d  f o r  t h e  A r g o n  g a s  a n n e a l  a s  t h e  
c a d m i u m  v a p o u r  w a s  b e i n g  c o n s t a n t l y  r e m o v e d .  T h i s  r e m o v a l  
i s  a s s u m e d  t o  g i v e  a n  e n h a n c e d  a c c e p t o r  c o n c e n t r a t i o n  a n d  
h e n c e  a  g r e a t e r  p - t y p e  p r o b e  r e a d i n g .
I n  c o n c l u s i o n ,  f r o m  c a l c u l a t i o n s  o f  C d  d i f f u s i o n  i n t o  
C d T e  (199) a t  5 0 0 ° C ,  n a t i v e  a c c e p t o r s  w e r e  e f f e c t i v e  t o  a  d e p t h  
o f  a b o u t  1 S 0 R  T h i s  m e a n t  t h a t  a l l o y e d  c o n t a c t s  m e a s u r e d
t h e  l o w  r e s i s t a n c e  o f  t h e  b u l k  a n d  w e r e  u n a f f e c t e d  b y  t h e  
h i g h e r  r e s i s t a n c e  o f  t h e  s u r f a c e  l a y e r .  B e c a u s e  o f  t h e  
i n v e r s i o n  l a y e r  a n d  t h e  d i f f i c u l t y  o f  i n t e r p r e t a t i o n  o f  r e s u l t s ,  
t h e r m a l  p r o b e  m e a s u r e m e n t s  w e r e  n o t  p e r f o r m e d  011 i m p l a n t e d  
m a t e r i a l .
V a r i a t i o n s  o f  e t c h  c h a r a c t e r i s t i c s  d e p e n d e d  o n  a  v a r i e t y  
o f  c o n d i t i o n s  s u c h  a s  s u r f a c e  s t a t e s ,  i m p u r i t y  a n d  d e f e c t  
c o n c e n t r a t i o n s  a n d  c r y s t a l  o r i e n t a t i o n .  A s  s o m e ,  i f  n o t  a l l ,  
o f  t h e s e  c o n d i t i o n s  w e r e  d e p e n d e n t  o n  g r o w t h  m e t h o d ,  e t c h  
r a t e s  ( S e e  F i g u r e s  6 , 1  a n d  6 . 2 )  w e r e  e x p e c t e d  t o  b e  d i f f e r e n t  
i n  t h e  v a r i o u s  m a t e r i a l s  t e s t e d .
7 . 2  L a t t i c e  D i s o r d e r  i n  H e a v y  I o n  I m p l a n t e d  C d T e
D i s o r d e r  p r o d u c e d  i n  s i n g l e  c r y s t a l  C d T e  b y  h e a v y  i o n  
b o m b a r d m e n t  w a s  f o u n d  t o  b e  d e p e n d e n t  o n
( a )  I o n  t y p e ,  d o s e ,  e n e r g y  a n d  d o s e  r a t e
( b )  I m p l a n t  a n d  p o s t  i r r a d i a t i o n  a n n e a l i n g  t e m p e r a t u r e
O t h e r  p a r a m e t e r s  s u c h  a s  c r y s t a l  o r i e n t a t i o n  a n d  g r o w t h  m e t h o d ,  
w h i c h  w e r e  e x p e c t e d  t o  a f f e c t  t h e  d e g r e e  o f . d i s o r d e r ,  w e r e  k e p t  
c o n s t a n t  t h r o u g h o u t  t h i s  s t u d y .  B e f o r e  s t u d y i n g  t h e  d i s o r d e r  i n  
t h e  m a t e r i a l  i n  d e t a i l ,  v a r i o u s  a s p e c t s  o f  t h e  d i s o r d e r  p a r a m e t e r  
D a r e  d i s c u s s e d .
7 . 2 . 1  T h e  D i s o r d e r  P a r a m e t e r  D-
F o r  S i  a n d  G e  t h e  n u m b e r  o f  s c a t t e r i n g  c e n t r e s  i n  a  
d i s o r d e r e d  s u r f a c e  r e g i o n  c a n  b e  e s t i m a t e d  f r o m  t h e  a r e a  
(A i n  F i g u r e  4 . 7 )  u n d e r  t h e  d i s o r d e r  p e a k  o f  t h e  c h a n n e l l e d  
b a c k s c a t t e r e d  s p e c t r u m .  A s s e s s m e n t  o f  a r e a  w a s  m o r e  d i f f i c u l t  
f o r  C d T e  d u e  t o  t h e  g r e a t e r  d e c h a n n e l l i n g  w i t h i n  t h e  m a t e r i a l ’ s  
d a m a g e d  l a y e r s .  T h e  p r o b l e m  i s  i l l u s t r a t e d  i n  F i g u r e  7 . 1  
w h e r e  v a r i o u s  a r e a s  ( s h o w n  s h a d e d )  w e r e  m e a s u r e d  t o  f i n d  a  
s i m p l e  p a r a m e t e r  t o  e x p r e s s  t h e  d e g r e e  o f  d i s o r d e r ,  w h i c h  g a v e  
c o n s i s t a n t  r e s u l t s  f r o m  s p e c i m e n s  t r e a t e d  i n  a  s i m i l a r  m a n n e r .  
M e t h o d  ( a ) ,  w h i c h  w a s  u s e d  f o r  S i  a n d  G e ,  p r o d u c e d  f o r  C d T e  
i n c o n s i s t e n t  d i s o r d e r  m e a s u r e m e n t s  w i t h  d o s e ,  a s  d i d  m e t h o d  ( c ) .  
A r e a s  m e a s u r e d  u s i n g  m e t h o d  ( b )  w e r e  f o u n d  t o  g i v e  s i m i l a r  
r e s u l t s  a s  m e t h o d  ( d )  w h e r e  h e i g h t s  b e h i n d  t h e  d a m a g e  p e a k  
w e r e  m e a s u r e d .  T h e  m e t h o d  s e l e c t e d  f o r  u s e  i n  t h i s  s t u d y  w a s  
t h e  l a t t e r  ( d ) ,  a s  i t  w a s  f o u n d  t o  b e  r e p r o d u c i b l e  a n d  s i m p l e  
t o  u s e .  U s i n g  t h i s  s i m p l e  m e t  h o d  h o w e v e r  m a y  h a v e  m e a n t  t h a t  
e x t r a  d a t a  c o n t a i n e d  w i t h i n  s p e c t r a  m a y  h a v e  b e e n •d i s c a r d e d .
7.1o3 Etching Properties
D = A “ B D = A -B
,D=A-B D = (V .- > ; ) / (  V Y J
Fig.7.1 M ethods co n sid e red  fo r a s se s sm e n t of d iso rd e r  in 
heavy ion im planted  CdTe.
I n  t h i s  s t u d y  D w a s  u s e d  t o  i n d i c a t e  d i s o r d e r  t r e n d s ,  
a n d  l i t t l e  m e a n i n g  w a s  p l a c e d  o n  i t s  a b s o l u t e  v a l u e „,
7 . 2 . 2  D e c h a n n e l l i n g  i n  C d T e
T h e  o p e n  n a t u r e  o f  t h e  l a t t i c e  [ d  =  6 , 4 8 1 $  c o m p a r e d  t o  
S i  ( 5 . 4 3 1 )  a n d  G e  ( 5 . 6 5 8 ) ]  m e a n s  t h a t  t h e  s t r i n g  p o t e n t i a l s  
a s  p o s t u l a t e d  b y  L i n d h a r d ( 6 1 ) a r e  w e a k , w h i c h  i m p l i e s  t h a t  
t h e  r e s t r a i n i n g  e f f e c t  o f  t h e  c h a n n e l  o n  a  p a r t i c l e  i s  m o r e  
e a s i l y  o v e r c o m e .  T h e  s t r i n g  p o t e n t i a l  i s  a l s o  a f f e c t e d  t o  
a n  u n k n o w n  e x t e n t  b y  t h e  i o n i c  n a t u r e  (7 0 %  i o n i c )  o f  t h e  
C d T e  b o n d .  D i s p l a c e d  C d  a n d  T e  a t o m s  h a v i n g  h i g h  s c a t t e r i n g  
c r o s s - s e c t i o n s  ( c o m p a r e d  t o . S i )  d e f l e c t  i n c o m i n g  p a r t i c l e s  
m o r e  r e a d i l y  t h a n  s i l i c o n .
T h e s e  t h r e e  p a r a m e t e r s  w e r e  t h o u g h t  t o  b e  r e s p o n s i b l e  
f o r  t h e  h i g h  d e g r e e  o f  d e c h a n n e l l i n g  p r o d u c e d  w i t h i n  t h e  
d i s o r d e r e d  m a t e r i a l . .
7 . 2 . 3  V a r i a t i o n  o f  D i s o r d e r  w i t h  I o n  T y p e ,  D o s e ,  D o s e  R a t e  
a n d  I o n  E n e r g y
I n  t h i s  s e c t i o n  s o m e  o f  t h e  p a r a m e t e r s  a f f e c t i n g  t h e  
d e g r e e  o f  d i s o r d e r  a r e  d i s c u s s e d  i n  a n  a t t e m p t  t o  g a i n  a n  
i n s i g h t  i n t o  p o s s i b l e  d a m a g e  m e c h a n i s m s  o p e r a t i n g  i n  t h e  
C d T e  l a t t i c e .
I n  C h a p t e r  3 ,  c a l c u l a t e d  v a l u e s  w e r e  p r e s e n t e d  ( T a b l e  3 . 2 . )  
f o r  t h e  n u m b e r  o f  d i s p l a c e d  C d  a n d  T e  a t o m s  p e r  i n c i d e n t  i o n ,  
f o r  v a r i o u s  h e a v y  i o n s  i n  C d T e .  T h u s  3 0 0 0  d i s p l a c e m e n t s  
p e r  i n c i d e n t  i o n  w e r e  d i s t r i b u t e d  a b o u t  a  m e a n  d a m a g e  d e p t h  
o f  4 0 0 $  b y  5 0  k e V  A r  i o n s  w h i l e  7 5 0 0  d i s p l a c e m e n t s  p e r  
i n c i d e n t  i o n  w e r e  p r o d u c e d  o v e r  2 0 0 $  b y  1 0 0  lc.eV B i  i o n s .
I f  o n l y  t h e  n u m b e r  o f  d i s p l a c e d  a t o m s  a n d  n o t  t h e  d e p t h  o f  
d i s o r d e r  a f f e c t e d  d e c h a m n e l l i n g , t h e n  f o r  t h e  s a m e  t o t a l  
d o s e ,  D f o r  B i  i m p l a n t s  w o u l d  b e  ( f r o m  T a b l e  3 . 2 )  a b o u t  2 . 4  
t i m e s  t h a t  o f  t h e  A r  i m p l a n t s .
F r o m  F i g u r e  6 . 1 0  t h e  a v e r a g e  v a l u e  o f  DB i / D ^ r  w a s
2 . 2  1' 0 . 3  o v e r  t h e  w h o l e  d o s e  r a n g e .  I f  t h e  t o t a l  d i s p l a c e m e i r  
v a l u e s  f o r  A r g o n  a n d  B i s m u t h  f o l l o w e d  t h e  r a t i o '  t a b u l a t e d  
i n  T a b l e  3 . 2  t h e n  t o  a  f i r s t  a p p r o x i m a t i o n  d e c h a n n e l l i n g ,  
a t  t h e  i o n  e n e r g i e s  u s e d ,  w a s  i n d e p e n d e n t  o f  i m p l a n t  d e p t h .
\/ . . ' , • ' • " • ■ '
I n d i u m . a n d  T e  i o n  d i s o r d e r  w e r e  f o u n d  t o  b e  c o m p a t i b l e
w i t h  t h a t  p r o d u c e d  b y  B i s m u t h  i o n s , w i t h  
DB i  . DB ‘
" —  = 1 . 1  i  0 . 1  a n d  i .  = 1 . 0  ±  0 ; 1  T h i s  r e s u l t
I n  . T e
w a s  e x p e c t e d  a s  ( f r o m  T a b l e  3 . 2 )  d i s o r d e r  r a n g e s  a n d  t h e  
t o t a l  n u m b e r  o f  d i s p l a c e d  a t o m s / i n c i d e n t  i o n  w e r e  s i m i l a r  
f o r  I n ,  T e  a n d  B i . I t  a p p e a r s  t h e r e f o r e  t h a t  o v e r  c e r t a i n  
l i m i t s  t h e  p a r a m e t e r  D i s  s i m p l y  r e l a t e d  t o  t h e  t o t a l  n u m b e r  
o f  d i s p l a c e m e n t s .  '
I n c r e a s e d  d o s e s  o f  a l l  i m p l a n t s  p r o d u c e d  i n c r e a s e d  
d i s o r d e r  ( S e e  F i g u r e  6 . 1 0 ) .  O v e r  t h e  d o s e  r a n g e  i n v e s t i g a t e d  
f o r  a l l  i o n s ,  d i s o r d e r  i n c r e a s e d  m o n o t o n i c a l l y  w i t h  d o s e  a n d  n o  
a m o r p h o u s  l a y e r  w a s  f o r m e d ,  e v e n  a f t e r  t h e  5  x  1 0 4 ^  i o n s / c m 2  
1 0 0  lceV B i  i m p l a n t .  S i m i l a r  o b s e r v a t i o n s  h a v e  b e e n  r e p o r t e d  
b y  M e y e r  a n d  L a n g ( 8  ) a n d  A g r i n s k a y a  e t  a l  ( 9 ) ,  w h o  a s s u m e d  
t h a t  t h e  h i g h  m o b i l i t y  o f  t h e  c a d m i u m  v a c a n c y  w a s  r e s p o n s i b l e  
f o r  r e o r d e r i n g  d u r i n g  i m p l a n t a t i o n .  B e s i d e s  t h e  v a c a n c y  
m o b i l i t y ,  t h e  s e m i - m e t a l l i c  n a t u r e  o f  t h e  c o m p o u n d  ( 7 0 %  i o n i c )  
m a y  h a v e  a s s i s t e d  i n  a n n e a l i n g ,  d u r i n g  i m p l a n t a t i o n .
A t h i r d  r e a s o n  f o r  t h e  r e l a t i v e l y  l o w  a m o u n t  o f  d i s o r d e r
d e t e c t e d  a f t e r  i m p l a n t a t i o n  m a y  h a v e  b e e n  d u e  t o  s p u t t e r i n g .
I f  t h e  s p u t t e r i n g  r a t i o  i s  2 . 0  a t o m s / i o n  f o r  1 0 0  KeV B i  i o n s
( a s  m e a s u r e d  -  s e e  A p p e n d i x  B )  t h e n  i f  B i - , C d ,  and .  T e  w e r e
r e m o v e d  , i n  e q u a l  q u a n t i t i e s ,  f o r  a  d o s e  o f  1 x  1 0 4 ^  i o n s / c m 2 ,
1 c
3  x  1 0  B i  i o n s  w o u l d  b e  r e m o v e d  b y  s p u t t e r i n g .  B y  a l t e r i n g  
t h e  n e t  i m p l a n t  i o n  d i s t r i b u t i o n  a n d  c o n c e n t r a t i o n ,  s p u t t e r i n g  
w o u l d  b e  e x p e c t e d  t o  a l t e r  t h e  m e a s u r e d  d i s o r d e r  t o  a n  
u n k n o w n  e x t  e n t .
L a t t i c e  d i s o r d e r  i n c r e a s e d  w i t h  i n c r e a s i n g  d o s e  r a t e  
( s e e  i n s e t  F i g u r e  6 . 9 ) ,  a l t h o u g h  t h e  i n c r e a s e  w a s  o n l y  s l i g h t l y  
g r e a t e r  t h a n  t h e  e r r o r  i n  m e a s u r e m e n t .  T h i s  r e s u l t  a g r e e d  
w i t h  m e a s u r e m e n t s  b y  P i c r a u x  a n d  V o o k ( 6 6 )  a n d  E i s e n  a n d  W e l c h (67 ) 
f r o m  h e a v y  i o n  i m p l a n t s  i n t o  s i l i c o n .  T h e y  a t t r i b u t e d  t h e  
i n c r e a s e  t o  t h e  h i g h  m o b i l i t y  o f  t h e  d e f e c t  w h i c h  n u c l e a t e s  
d u r i n g  i m p l a n t a t i o n  t o  f o r m  s t a b l e  d a m a g e  c o m p l e x e s .
F r o m  m e a s u r e m e n t s  a t  e l e v a t e d  t e m p e r a t u r e s  ( 6 0 0 ° C ) .
K r o g e r (49) h a s  r e p o r t e d  t h e  f o r m a t i o n  o f  a  [Vc ^  -  I n ]  + c o m p l e x
i n  s a m p l e s  c h e m i c a l l y  d o p e d  i n  i n d i u m . I t  m a y  b e  t h a t  t h e  
d a m a g e  c o m p l e x e s  f o r m e d  a t  t h e  i n c r e a s e d  d o s e  r a t e  a r e  c a u s e d  
b y  t h i s  c o m p l e x  o r  o t h e r s  o f  s i m i l a r  t y p e .
I n c r e a s i n g  a r g o n  i o n  e n e r g i e s  p r o d u c e d  d e e p e r  p e n e t r a t i o n  
a n d  g r e a t e r  a m o u n t s  o f  d i s o r d e r .  T h e  e f f e c t  o f  v a r y i n g  t h e  
i o n  e n e r g y  i s  s h o w n  g r a p h i c a l l y  i n  t h e  i n s e r t  o f  F i g u r e  6 . 1 1  
a n d  t h e  i n c r e a s e  i n  d i s o r d e r  i s  a s  s h o w n  i n  t h e  f i n a l  c o l u m n  
o f  T a b l e  7 , 1  - b e l o w .
T a b l e  7.1 D i s o r d e r  p a r a m e t e r s  f o r  v a r i o u s  e n e r g i e s  o f
A r g o n  i o n s  i n  C d T e  - . . . . .  ... .
* : i n  d i s p l a c e m e n t s / i n c i d e n t  i o n / a n g s t r o m .
B n e  r g y Rp A R p < V <a x d> NCd . NX e NC 0 R R /  <^2ARp>
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. T h e  f i n a l  c o l u m n  i n  t h e  a b o v e  t a b l e  s h o w s  t h e  m e a n ,  
n u m b e r  o f  d i s p l a c e m e n t s  o v e r  t w i c e  t h e  r a n g e  s t a n d a r d  d e v i a t i o n  
a s s u m i n g  t h e  i o n  d i s t r i b u t i o n  t o  b e  s q u a r e .  T h u s  i n c r e a s i n g  
t h e  b e a m  e n e r g y  i n c r e a s e s  t h e  d i s p l a c e m e n t  d e n s i t y .
F r o m  F i g u r e  6 . 1 1  i t  c a n  b e  s e e n  t h a t  i n c r e a s i n g  t h e  
i m p l a n t e d  i o n  e n e r g y  a l s o  i n c r e a s e s  t h e  a m o u n t  o f  d e c h a n n e l l i n g  
i n - t h e  l a t t i c e .  T h u s  i t  i s  p o s t u l a t e d  t h a t  i n c r e a s e s  i n  t h e  
d i s p l a c e m e n t  d e n s i t y  r e s u l t s  i n  e n h a n c e d  d e c h a n n e l l i n g  i n  t h e  
c r y s t a l  l a t t i c e .  A l s o  f r o m  F i g u r e  6 . 1 1  d i s o r d e r ,  f o r  h i g h  
e n e r g y  i m p l a n t a t i o n s ,  d o e s  n o t  s t a r t  t o  o c c u r  u n t i l  a  d e p t h  o f  
a b o u t  30oR . T h i s  a g r e e s ,  t o  a  f i r s t  a p p r o x i m a t i o n ,  w i t h  t h e  
s t a r t  o f  t h e  i o n  d i s t r i b u t i o n  a s  s h o w n  i n  t h e  i n s e r t  o f  
F i g u r e  6 . 1 1 .  T h u s  i t  m a y  b e  t h a t  h i g h  e n e r g y  i m p l a n t a t i o n  
p r o d u c e s  b u r i e d  l e v e l s  I n  t h e  s u r f a c e  r e g i o n  o f  C d T e .
T o  s u m m a r i s e  i t  a p p e a r s  t h a t  d i s o r d e r ,  w h i c h -  i s  d o s e  
d e p e n d e n t ,  I n c r e a s e s  l i n e a r l y  o v e r  t h e  d o s e s  c o n s i d e r e d  a n d  n o  
s a t u r a t i o n  ( o r  g e n e r a t i o n  o f  cin a m o r p h o u s  p h a s e )  w a s  r e a c h e d  
I n  a l l  s a m p l e s  i n v e s t i g a t e d .  T h i s  l a c l c  o f  a m o r p h i s i t y  w a s
p o s s i b l y  d u e  t o  h i g h  v a c a n c y  m o b i l i t y ,  t h e  m e t a l l i c  n a t u r e  
o f  t h e  l a t t i c e  o r  s p u t t e r i n g « T h e  s l i g h t  i n c r e a s e  i n  
d i s o r d e r  p r o d u c e d  b y  i n c r e a s i n g  t h e  d o s e  r a t e  w a s  a s c r i b e d  t o  
t h e  f o r m a t i o n  o f  s t a b l e  d i s o r d e r  c o m p l e x e s  d u r i n g  i r r a d i a t i o n .  
I n c r e a s i n g  t h e  i m p l a n t a t i o n  e n e r g y  i n c r e a s e d  t h e  d e n s i t y  o f  
d i s o r d e r  ( a s  d o e s  i n c r e a s i n g  t h e  t o t a l  d o s e )  r e s u l t i n g  i n  
e n h a n c e d  d e c h a n n e l l i n g  w h i c h  m a s k s  a n y  d e t a i l s  o f  b u r i e d  l a y e r s .
7 . 2 . 4  P o s t - i r r a d i a t i o n  A n n e a l i n g  a n d  H o t  I m p l a n t a t i o n s
D i s o r d e r  i n d u c e d  d u r i n g  r o o m  t e m p e r a t u r e  i m p l a n t a t i o n  
w a s  r e d u c e d  b y  i s o c h r o n a l  a n n e a l i n g .  T h i s  c a n  b e  s e e n  i n  
F i g u r e  6 , 8  w h e r e  d i s o r d e r  i s  s h o w n '  a s  a  f u n c t i o n  o f  a n n e a l  
t e m p e r a t u r e  f o r  v a r i o u s  d o s e s  o r  A r , I n ,  T e , a n d  B i  i o n s .  
C o m p a r i n g  A r  a n d  B i  i m p l a n t s ,  t h e  h i g h  i n i t i a l  d a m a g e  i n  t h e  
l a t t e r  c a s e  s h o w e d  a  m a r k e d  r e d u c t i o n  o n  a n n e a l i n g  t o  4 0 0 ° C ,  
w h i l e  t h e  l o w  d i s o r d e r  o f  t h e  A r  i m p l a n t s  a p p e a r e d  t o  c h a n g e  
v e r y  l i t t l e  w i t h  t e m p e r a t  ire  e .  I t  c o u l d  b e  t h a t  a n  a n n e a l i n g  
s t a g e  e x i s t s  f o r  t h e  h e a v y  i o n  i m p l a n t s  ( I n ,  T e  a n d  B i ) w h i c h  
i s  d o s e  d e p e n d e n t . N o  d o s e  d e p e n d e n c e  w a s  n o t e d  i n  t h e  A r  i o n  
i m p l a n t a t i o n s ,  p o s s i b l y  d u e  t o  t h e  l o w  d i s o r d e r  l e v e l s  p r o d u c e d .  
A s i m i l a r ,  d o s e  d e p e n d e n c e  w a s  o b s e r v e d  f o r  2 5  KeV B i  i o n s  
i m p l a n t e d  i n t o  C d T e  b y  M e y e r  a n d  L a n g ( 8  ) a l t h o u g h  t h e y  d i d  
n o t  c o m m e n t  o n  t h i s  d o s e  -  a n n e a l  t e m p e r a t u r e  r e l a t i o n s h i p .
A l s o  t h e i r  i s o c h r o n a l  a n n e a l i n g  s t u d i e s  t e r m i n a t e d  a t  4 -0 0 °C  
a t  w h i c h  t e m p e r a t u r e  t h e  m a j o r i t y  o f  t h e  d i s o r d e r  h a d  b e e n  
r e m o v e d .
M e y e r  a n d  L a n g (  8 ) d i d  c o m m e n t  h o w e v e r  o n  t h e  l o w  
r e c r y s t a l l i s a t i o n  t e m p e r a t u r e s  ( ~  3 5 0 ° C ) .  r e q u i r e d  t o  r e m o v e  
t h e  m a j o r i t y  o f  t h e  l a t t i c e  d i s o r d e r .  T h i s  p h e n o m e n o n  w a s  
n o t e d  i n  t h i s  s t u d y  f o r  a l l  i o n s  i n v e s t i g a t e d .  T h e  l o w  
r e c r y s t a l l i s a t i o n  t e m p e r a t u r e s  r e c o r d e d  w e r e  n o t  u n e x p e c t e d  
a s  ( S e e  F i g u r e  6 . 1 0 )  n o  a m o r p h o u s  p h a s e  w a s  f o r m e d  i n  t h e  
m a t e r i a l  a n d  t h u s  ( a s  i n  t h e  c a s e  f o r  S i  -  s e e  S e c t i o n .  3 . 3 . 4 )  
o n l y  i s o l a t e d  d e f e c t  c l u s t e r s  h a d  t o  b e  a n n i h i l a t e d .
B r e a k - u p  o f  t h e s e  d e f e c t  c l u s t e r s  a n d  e p i t a x i a l  r e g r o w t h  
f r o m  t h e  b u l k  c r y s t a l  w e r e  t h o u g h t  t o  b e  t h e  m a i n  m e c h a n i s m s  
f o r  l a t t i c e  r e o r d e r i n g  d u r i n g  p o s t  i r r a d i a t i o n  a n n e a l i n g .
A l l  o f  t h e  l a t t i c e  d i s o r d e r  w a s  n o t  r e m o v e d  b y  a n n e a l i n g
h o w e v e r ,  a s  c a n  b e  s e e n  i n  F i g u r e  6 . 8 .  F r o m  t h e  d e f i n i t i o n  
o f  D c o m p l e t e  r e o r d e r i n g  m e a n t  t h a t  =  Y ^  r e s u l t i n g  i n  a  
v a l u e  f o r  D o f  z e r o .  F o r  a l l  i m p l a n t s  D r e d u c e d  t o  a b o u t  
5%  o n  a n n e a l i n g  t o  5 0 0 ° C ,  w h i c h  i n d i c a t e d  t h e  p r e s e n c e  o f  
d a m a g e  c o m p l e x e s  w h i c h  w e r e  s t a b l e  o v e r  t h e  t e m p e r a t u r e  r a n g e  
c o n s i d e r e d .  T h e s e  c o m p l e x e s  m a y  b e  s i m i l a r  t o  t h o s e  w h i c h  
w e r e  t h o u g h t  t o  b e  r e s p o n s i b l e  f o r  t h e  d o s e  r a t e  v a r i a t i o n  o f  
d i s o r d e r .
A b o v e  5 0 0 ° C  l a t t i c e  d i s o r d e r  i n c r e a s e d  f o r  a l l  i m p l a n t e d  
i o n s ,  a l t h o u g h  o n l y  a  s l i g h t  i n c r e a s e  w a s  n o t e d  f o r  t h e  
u n i m p l a n t e d  m a t e r i a l .  U s i n g  a  v a l u e  o f  Y ^  t a k e n  f r o m  r o o m  
t e m p e r a t u r e  u n i m p l a n t e d  m a t e r i a l ,  t h e n  t h e  v a l u e  o f  D f o r  
a n  u n i m p l a n t e d  s a m p l e  a t  6 0 0 ° C  i s  2% w h i l e  D f o r  a  1 x  1 0 ^  B i  
i m p l a n t e d  s p e c i m e n  a n n e a l e d  t o  6 0 0 ° C  i s  7% . T h i s  w a s  n o t  
u n e x p e c t e d  a s  t h e  d i s o r d e r  i n  i m p l a n t e d  m a t e r i a l  a t  6 0 0 °  w a s  
t h o u g h t  t o  b e  d u e  t o  b o t h  s t a b l e  c o m p l e x e s  a n d  l o s s  o f  c a d m i u m ,  
w h i l e  o n l y  t h e  l a t t e r  w a s  a f f e c t i n g  t h e  c r y s t a l l i n i t y  o f  
u n i m p l a n t e d  m a t e r i a l .
I n c r e a s e  i n  d i s o r d e r  i n  t h e  5 0 0 - 6 0 0 ° C  a n n e a l  t e m p e r a t u r e  
r e g i o n  w a s  m a n i f e s t e d  i n  o t h e r  m e a s u r e m e n t s .  T h e  g e n e r a t i o n ,  
o f  a  c a d m i u m  v a c a n c y  r i c h  v o l u m e ,  b e s i d e s  c a u s i n g  a n  i n c r e a s e  
i n  l a t t i c e  d i s o r d e r ,  w a s  a l s o  t h o u g h t  t o  b e  t h e  c a u s e  o f  p - t y p e  
t h e r m a l  p r o b e  r e a d i n g s  [ s e e  F i g u r e  6 . 3 ( c ) ]  a n d  g r o s s  i n c r e a s e s  i n  
s h e e t  r e s i s t i v i t y  ( S e e  F i g u r e s  6 . 1 5  -  6 , 1 6 )  o f  s e m i - i n s u l a t i n g  
C d T e .  T h e  g e n e r a t i o n  o f  a  l e v e l  a t  0 . 5 5  eV  ( f r o m  e i t h e r  
t h e  c o n d u c t i o n  o r  t h e  v a l e n c e  b a n d )  m a y  h a v e  b e e n  a n o t h e r  
m a n i f e s t a t i o n  o f  t h e  s a m e  p h e n o m e n o n .  I f  t h i s  l e v e l  i s  d u e  
t o  a  c a d m i u m  v a c a n c y  i t  m a y  b e  t h e  s a m e  ( w i t h i n  e x p e r i m e n t a l  
e r r o r )  a s  t h a t  f o u n d  b y  o t h e r s  ( 4  ) a t  ( E c - 0 . 6 ) e V  w h e n  C d T e  
c r y s t a l s  w e r e  s u b j e c t e d  t o  h e a t  t r e a t m e n t .
B y  r a i s i n g  t h e  s u b s t r a t e  t e m p e r a t u r e  d u r i n g  i m p l a n t a t i o n ,  
d i s o r d e r  w a s  r e d u c e d .  T h i s  e f f e c t  i s  s h o w n  i n  F i g u r e s  6 . 9
6 . . 1 0  W h e r e  i t  c a n  b e  s e e n  t h a t  i n c r e a s i n g  t h e  s u b s t r a t e  
t e m p e r a t u r e  f r o m  1 0 0  t o  2 0 0 ° C  p r o d u c e d  a  m a r k e d  c h a n g e  i n  
d i s o r d e r .  D i s o r d e r  f o r  t h e  2 0 0 ° C i m p l a n t s  f o r  a l l  i o n s  a n d  
f o r  d o s e s  ^ 1 0 4 3  i o n s / c m 2 w a s  f o u n d  t o  b e  u n a f f e c t e d  b y  a n n e a l  
t e m p e r a t u r e  u p  t o  t e m p e r a t u r e s  o f  5 0 0 ° C ,  a f t e r  w h i c h  C d  l o s s  
c a u s e d  D t o  i n c r e a s e .
C o m p a r i s o n s  w i t h  a n n e a l i n g  m e c h a n i s m s  i n  s i l i c o n  
( s e e  s e c t i o n  3 , 3 . 1 )  s u g g e s t  t h a t ,  b y  i n c r e a s i n g  t h e  s u b s t r a t e  
t e m p e r a t u r e ,  v a c a n c y  m o b i l i t i e s  a r e  e n h a n c e d  a n d  d e f e c t  c l u s t e r s  
a r e  m o r e  r e a d i l y  a n n i h i l a t e d  d u r i n g  i m p l a n t .  A s  v a c a n c y  
m o b i l i t y  i n c r e a s e d  t h e n  f o r  C d T e ,  t h e  c a d m i u m  v a c a n c y  g e n e r a t i o n  
r a t e  w a s  e x p e c t e d  t o  b e  r e d u c e d  d u r i n g  h o t  i m p l a n t a t i o n ,  a n  
e f f e c t  r e p o r t e d  b y  B a r n e s  a n d  K i k u c h i ( 5 4 )  f r o m  t h e r m a l  n e u t r o n  
i r r a d i a t i o n s  i n t o  h e a t e d  C d T e  s u b s t r a t e s .
I t  w a s  p a r t i a l l y  t h i s  v a c a n c y  c o n c e n t r a t i o n  r e d u c t i o n  
a n d  p a r t i a l l y  t h e  r e d u c t i o n  o f  l a t t i c e  d i s o r d e r  w h i c h  w a s  
t h o u g h t  t o  b e  r e s p o n s i b l e  f o r  t h e  e l e c t r i c a l  a c t i v i t y  r e c o r d e d  
a f t e r  h o t  i m p l a n t a t i o n s .  '
7 . 2 . 5  B i s m u t h  I n t e r s t i t i a l  M o v e m e n t  a n d  L o s s  o f  I m p l a n t e d  
S p e c i e s  '
O n e  o f  t h e  a i m s  o f  t h i s  s t u d y  w a s  t o  c o r r e l a t e  m o v e m e n t  
o f  i m p l a n t e d  B i  i o n s  t o  s u b s t i t u t i o n a l  l a t t i c e  s i t e s  w i t h  
e l e c t r i c a l  m e a s u r e m e n t s .  U n f o r t u n a t e l y  t h i s  a i m  w a s  n o t  
r e a l i s e d  s i n c e ,  f o r  a l l  m a t e r i a l s  u n d e r  a l l  i m p l a n t  ( S e e  T a b l e  6 .  
c o n d i t i o n s ,  n o  B i  s u b s t i t u t i o n a l  c o m p o n e n t  w a s  d e t e c t e d .
M o v e m e n t  o f  t h e  B i  i o n  w a s  d e t e c t e d ,  h o w e v e r ,  b y  a n  
a t t e n u a t i o n  i n  t h e  y i e l d  i n  t h e  < 1 1 1 >  d i r e c t i o n  a f t e r  B i  h a d  
b e e n  i m p l a n t e d  i n t o  h e a t e d  ( 2 0 0 ° C )  s u b s t r a t e s .  C o n c e n t r a t i o n  
o f . t h e  a n a l y s i n g  b e a m  f l u x  ( f l u x  p e a k i n g )  i n  t h e  c h a n n e l  
c e n t r e  h a s  b e e n  f o u n d  t o  b e  a  f u n c t i o n  o f  i n c i d e n t  p a r t i c l e  
p e n e t r a t i o n  d e p t h  a n d  l a t t i c e  c r y s t a l l i n i t y ( H O )  # F l u x  p e a k i n g  
h a s  b e e n  f o u n d  t o  e n h a n c e  t h e  y i e l d s  f r o m  h e a v y  i n t e r s t i t i a l  
c o m p o n e n t s  a n d  t o  p r o d u c e  e r r o n e o u s  h e a v y  i o n  i m p u r i t y  p e a k s .
T h e  p r e s e n c e  o f  d i s o r d e r  (D ^ 5 % )  a n d  t h e  s h a l l o w  n a t u r e  o f  
t h e  i m p l a n t a t i o n  (R p  ^  2 7 0 A ° )  w e r e  e x p e c t e d  t o  r e d u c e  t h e  
e f f e c t s  o f  f l u x  p e a k i n g  a n d  i n  t h i s  s t u d y  f l u x  p e a k i n g  h a s  
b e e n  i g n o r e d .
T h e  y i e l d  a t t e n u a t i o n  i n  t h e  < 1 1 1 >  d i r e c t i o n  s u g g e s t s  
t h a t  a b o u t  30%  o f  t h e  i m p l a n t e d  i o n s  s i t  o n  r e g u l a r  
i n t e r s t i t i a l  s i t e s  ( S e e  F i g u r e  4 . 6 ) .  I t  m a y  b e  t h a t  t h e s e  
s i t e s  a r e  p o s i t i o n s  o f  l o w  p o t e n t i a l  e n e r g y  i n  t h e  c r y s t a l  
l a t t i c e  a n d  t h e  e n e r g y  g i v e n  t o  t h e  B i  i o n  d u r i n g  i m p l a n t a t i o n  
a t  2 0 0 ° C  m a y  b e  s u f f i c i e n t  t o  c a u s e  m o v e m e n t  t o  t h e s e  s i t e s .
F o r  r o o m  . t e m p e r a t u r e  a n d  1 0 0 ° C  i m p l a n t a t i o n s  t h e  e n e r g y  g i v e n
t o  t h e .  B i  i o n  m a y  h a v e  b e e n  t o o  l o w  t o  c a u s e  i n t e r s t i t i a l  
m o v e m e n t .
• . T h e  r e g u l a r  i n t e r s t i t i a l  c o m p o n e n t  w a s  d e t e c t e d  i n  
H o r i z .  z . - r e f .  m a t e r i a l  b u t  n o t  i n  V e r t ,  z . - r e f .  o r  M o d .  B r i d g .  
C d T e  i m p l a n t e d  u n d e r  t h e  s a m e  c o n d i t i o n s .  O t h e r  r e p o r t s  o f  
b i s m u t h  m o v e m e n t  i n  C d T e  h a v e  l e d  t o  c o n f l i c t i n g  r e s u l t s ,
M e y e r  a n d  L a n g ( 8 ) ,  w h o  r e p o r t e d . a  r e g u l a r  i n t e r s t i t i a l  
c o m p o n e n t  i n  V e r t ,  z . - r e f .  m a t e r i a l ,  d i d  n o t  o b s e r v e  s u c h  a  
c o m p o n e n t  i n  t h e  H o r i z .  z - r e f .  C d T e  u s e d  i n  t h i s  s t u d y  o r  i n  
M o d .  B r i d g .  C d T e  s u p p l i e d  b y  H u g h e s  A i r c r a f t  L a b o r a t o r i e s ( 1 1 1 ) .  
T h e i r  i m p l a n t a t i o n s  i n  t h e s e  c r y s t a l s  w e r e  p e r f o r m e d  a t  r o o m  
t e m p e r a t u r e  o r  b e l o w  a n d  i t  m a y  h a v e  b e e n  t h a t  e l e v a t e d  
s u b s t r a t e  t e m p e r a t u r e s  w e r e  r e q u i r e d  t o  p r o d u c e  B i  i o n  
m o v e m e n t .
N o  i n c r e a s e ,  i n  t h e  r e g u l a r  i n t e r s t i t i a l  c o m p o n e n t  w a s  
o b s e r v e d  o n  a n n e a l i n g  t o  4 5 0 ° C  w h i c h  s u g g e s t s  t h a t  e i t h e r  t h e  
t h e r m a l  e n e r g y  s u p p l i e d  b y  a n n e a l i n g  w a s  n o t  s u f f i c i e n t  t o  
m o v e  m o r e  o f  t h e  B i  t o  r e g u l a r ,  i n t e r s t i t i a l  s i t e s ,  o r  t h a t  
t h e s e  s i t e s  w e r e  h o t  a v a i l a b l e  f o r  o c c u p a t i o n .  I f  t h e  l a t t e r  
w e r e  t h e  c a s e  t h e n  t h e  r e g u l a r  i n t e r s t i t i a l  s i t e s  m a y  h a v e  
b e e n  o c c u p i e d  b}f d i s o r d e r  c o m p l e x e s  ( a s  l a r g e  a t t e n u a t i o n s  
e x i s t e d  i n ' t h e  < l l l >  d i r e c t i o n  f o r  u n i m p l a n t e d  C d T e ) .
I t . i s  n o t  k n o w n  w h e t h e r  o n e  o r  b o t h  o f  t h e s e  m e c h a n i s m s  
p r e v e n t  B i  i n t e r s t i t i a l  m o v e m e n t .
A b o v e  4 5 0 ° C  a t t e n u a t i o n s  i n  t h e  a l p h a  p a r t i c l e  y i e l d s  
w e r e  o b s e r v e d  f r o m  i m p l a n t e d  B i  i n  b o t h  r a n d o m  a n d  a l i g n e d  
d i r e c t i o n s .  T h e s e  a t t e n u a t i o n s ,  w h i c h  w e r e  a s s o c i a t e d  w i t h  
l o s s  o f  t h e  I m p l a n t e d  i o n ,  p r e v e n t e d  m e a n i n g f u l  i n t e r p r e t a t i o n  
o f  f u r t h e r  m o v e m e n t  o f  B i  t o  r e g u l a r  i n t e r s t i t i a l  s i t e s .
B i s m u t h  l o s s  w a s  d e t e c t e d  f o r  a l l  i m p l a n t s  a n d  i s  
i l l u s t r a t e d  i n  F i g u r e  6 . 1 3  f o r  t h e  5  x  I c A 5 i o n s / c m 2  B i  i m p l a n t .  
S u b s t a n t i a l  m o v e m e n t  o f  b i s m u t h  I n t o  o r  o u t  o f  t h e  c r y s t a l  
w o u l d  h a v e  b e e n  d e t e c t e d  a s  a  c h a n g e  i n  t h e  s h a p e  a n d  e n e r g y  
p o s i t i o n  o f  t h e  B i  p e a k .  F r o m  t h e  o b s e r v e d  v a r i a t i o n s  i n  
t h e  B i  i m p u r i t y  p e a k  w i t h  a n n e a l  t e m p e r a t u r e  i t  i s  t h o u g h t  t h a t  
b o t h  i n  a n d  o u t  “" d i f f u s i o n  o c c u r r e d ,  w h i c h  r e s u l t e d  i n  p e a k  
b r o a d e n i n g  b u t  n o  s i g n i f i c a n t  s h i f t  i n  p e a k  p o s i t i o n .  T h e
o u t - d i f f u s e d  c o m p o n e n t  w a s  l o s t  f r o m  t h e  s y s t e m  b y  e v a p o r a t i o n  
a t  t h e  s u r f a c e ,  w h i l e  d i f f u s i o n  i n ,  d u e  t o  t h e  l a c k  o f  a  B i  
s u b s t i t u t i o n a l  c o m p o n e n t ,  w a s  p o s s i b l y  b y  a n  i n t e r s t i t i a l  
m e c h a n i s m .
T h e  d e p e n d e n c e  o f  b i s m u t h  e v a p o r a t i o n  o n  i m p l a n t  
t e m p e r a t u r e  ( S e e  F i g u r e  6 . 1 4 )  h a s  b e e n  r e p o r t e d  f o r  h e a v y  
i o n s  i n  s i l i c o n ( 1 0 5 ) .  T h i s  d e p e n d e n c e  w a s  a t t r i b u t e d  t o  t h e  
a c t i o n  o f  a n  a m o r p h o u s  l a y e r  w h i c h  w a s  f o r m e d  a f t e r  r o o m  
t e m p e r a t u r e  i m p l a n t a t i o n  b u t  n o t  a f t e r  h o t  i m p l a n t a t i o n .
N o  s u c h  a m o r p h o u s  l a y e r  w a s  f o r m e d  i n  C d T e  f o r  r o o m  
t e m p e r a t u r e  i m p l a n t s  a n d  l a t t i c e  d i s o r d e r  o f  s a m p l e s  a n n e a l e d  
t o  4 5 0 ° C  f r o m . '  i m p l a n t a t i o n s  i n t o  R . T .  a n d  2 0 0 ° C  s u b s t r a t e s ,  
w e r e  c o m p a t i b l e .  N o  e x p l a n a t i o n  c a n  b e  g i v e n  h e r e  f o r  t h i s  
e v a p o r a t i o n  d e p e n d e n c e  o n  s u b s t r a t e  t e m p e r a t u r e .
T h e  u s e  o f  s i l i c o n  d i o x i d e  S i 0 2  a p p e a r e d  t o  e n h a n c e  t h e  
l o s s  o f  B i  f r o m  t h e  l a t t i c e .  H y d r o f l u o r i c  a c i d ,  w h i c h  w a s  
u s e d  t o  r e m o v e  S i 0 2  f i l m s  f r o m  t h e  C d T e  s u r f a c e ,  d i d  n o t  
a f f e c t  t h e  c o n c e n t r a t i o n  o f  b i s m u t h  i n  i m p l a n t e d  s a m p l e s  n o t  
c o a t e d  w i t h  S i 0 2 . T h i s  s u g g e s t e d  t h a t  B i  l o s s  w a s  d e p e n d e n t  
o n  t h e  a t m o s p h e r e  o v e r  t h e  C d T e  s u r f a c e ,  s u c h  t h a t  i o n  
, m o v e m e n t  w a s  g r e a t e r  i n t o  S i 0 2  t h a n  i n t o  a . c a d m i u m  v a p o u r  
a t m o s p h e r e .  D o n n e l l y  e t  a l ( 6 ) Wh o  u s e d  S iC ty  d u r i n g  A s  i o n  
i m p l a n t a t i o n  w e r e  u n a b l e  t o  d e t e c t  a n y  l o s s  o f  i m p l a n t e d  
c o n s t i t u e n t ,  a l t h o u g h  t h e y  d i d  r e p o r t  a  m u c h  r e d u c e d  e l e c t r i c a l  
a c t i v i t y  c o m p a r e d  t o  t h a t  e x p e c t e d .  T h i s  r e d u c t i o n  w h i c h  
t h e y  a s c r i b e d  t o  l a t t i c e  d i s o r d e r  m a y  a l s o  h a v e  b e e n  d u e  t o  
l o s s . o f  A s  i n  t h e - s i l i c o n  d i o x i d e .
T o  s u m m a r i s e ,  i t  a p p e a r s  t h a t  B i  m o v e m e n t  o n t o  a  r e g u l a r  
i n t e r s t i t i a l  s i t e  o c c u r s  a f t e r  B i  i s  i m p l a n t e d  i n t o  s u b s t r a t e s  
h e l d  a t  2 0 0 ° C .  L o w e r  s u b s t r a t e  t e m p e r a t u r e s  a n d .  i s o c h r o n a l  
a n n e a l i n g  p r o d u c e s  n o  B i  i n t e r s t i t i a l  m o v e m e n t  a n d  t h e  l o s s  
o f  b i s m u t h  a t  e l e v a t e d  t e m p e r a t u r e s  ( > 4 5 0 ° C ) p r e v e n t s  
f u r t h e r  m e a n i n g f u l  a n a l y s i s .  T h e  l o s s  o f  B i  w h i c h  d e p e n d e d  
o n  i m p l a n t  t e m p e r a t u r e  r a t h e r  t h a n  d o s e  w a s  e n h a n c e d  b y  
e n c a p s u l a t i o n  i n  s i l i c o n  d i o x i d e .
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In this section mechanisms are discussed and a simple model is 
proposed which helps to explain the anomalous results obtained from 
electrical measurements. The behaviour is divided into cold and 
hot implantation effects and mechanisms.are applied to both.
7 . 3 . 1  C o m p e n s a t i o n  o f  R o o m  T e m p e r a t u r e  I m p l a n t s
I m p l a n t a t i o n  o f  A r , I n ,  T e  a n d  B i  i o n s  i n t o  s e m i - i n s u l a t i n g  
C d T e  f a i l e d  t o  p r o d u c e  m e a s u r e a b l e  e l e c t r i c a l  a c t i v i t y ,  b e s i d e s  
t h a t  a s s o c i a t e d  w i t h  c a r r i e r  t r a p p i n g  ( S e e  s e c t i o n  7 . 4 ) .
T o  u n d e r s t a n d  t h e  r e a s o n s  f o r  t h i s  l a c k  o f  d o p a n t  a c t i v i t y ,
. m e c h a n i s m s  i n f l u e n c i n g  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  t h e  i m p l a n t  
s u r f a c e  m u s t  b e  c o n s i d e r e d .  T h e s e  m e c h a n i s m s  w e r e  a f f e c t e d  
b y  : -
( a )  D i s o r d e r  a n d  a c t i v e  n a t i v e  d e f e c t  g e n e r a t i o n  d u r i n g  
i m p l a n t .
( b )  T h e  b e h a v i o u r  o f  t h e  i m p l a n t e d  i o n s
a n d  ( c )  T h e r m a l  g e n e r a t i o n  o f  a c t i v e  n a t i v e  d e f e c t s
F o r  t h e  r o o m  t e m p e r a t u r e  i m p l a n t s ,  i t  w a s  e n v i s a g e d  t h a t  
l a r g e  n u m b e r s  o f  c a d m i u m  a n d  t e l l u r i u m  v a c a n c i e s  w e r e  
g e n e r a t e d  d u r i n g  i r r a d i a t i o n .  S i n c e  C d  v a c a n c i e s  h a v e  b e e n  
f o u n d  t o  b e  a c c e p t o r s  i n  C d T e ( 2 2 ) ,  p _ t y p e  a c t i v i t y ,  a s  o b s e r v e d  
a f t e r  e l e c t r o n ( 3 2 )  a n d  n e u t r o n ( 5 4 )  i r r a d i a t i o n s , '  w a s  e x p e c t e d .
A s  t h i s  w a s  n o t  o b s e r v e d ,  t h e n  e i t h e r  t h e  a c t i v e  c a d m i u m  
v a c a n c y  c o n c e n t r a t i o n  w a s  t o o  l o w  f o r  d e t e c t i o n  o r  c o m p e n s a t i o n  
o f  t h e s e  c e n t r e s  b y  d o n o r - l i k e  d a m a g e  c o m p l e x e s  o c c u r r e d .
T h e s e  c o m p l e x e s  c o u l d  a l s o  b e  r e s p o n s i b l e  f o r  s o m e  o f  t h e  
t r a p s  d e t e c t e d  b y  T SC  m e a s u r e m e n t s .
O n h e a t i n g  r o o m  t e m p e r a t u r e  i m p l a n t e d  C d T e  n o  d e t e c t a b l e  
s h e e t  r e s i s t i v i t y  w a s  r e c o r d e d .  A n n i h i l a t i o n  o f  d o n o r - l i k e  
c o m p l e x e s  w a s  e x p e c t e d  t o  o c c u r  o n  a n n e a l i n g  a s  w a s  m i r r o r e d  
i n  t h e  T SC  a n d  c h a n n e l l i n g  m e a s u r e m e n t s .  B y  4 0 0 ° C  o b s e r v e d  
t r a p s  h a d  b e e n  a n n i h i l a t e d  a n d  d i s o r d e r  h a d  r e a c h e d  a  m i n i m u m .  
D u r i n g  a n n e a l i n g  h o w e v e r  c a d m i u m  v a c a n c i e s  m i g r a t e d  b a c k  t o  
l a t t i c e  s i t e s  a n d  t h u s  b o t h  d o n o r  a n d  a c c e p t o r - l i k e  a c t i v i t y  
d e c r e a s e d  a n d  t h e  s p e c i m e n  r e m a i n e d  e l e c t r i c a l l y  n e u t r a l .
T h e  r o l e  p l a y e d  b y  t h e  i m p l a n t e d  i o n  i n  t h e  e l e c t r i c a l  
a c t i v i t y  o f  t h e  s u r f a c e  i s  n o t  f u l l y  u n d e r s t o o d .  I f  t h e  
m a j o r i t y  o f  t h e  l a t t i c e  d i s o r d e r  h a d  t o  b e  r e m o v e d  b e f o r e
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i m p l a n t e d  i m p u r i t i e s  m o v e d  t o  s u b s t i t u t i o n a l  s i t e s ,  a  
s i t u a t i o n  t h a t  e x i s t s  f o r  s i l i c o n  ( ^ 2 ) ,  t h e n  h i g h e r  a n n e a l i n g  
t e m p e r a t u r e s  w e r e  r e q u i r e d  t o  a c h i e v e  t h i s  f o r  t h e  r o o m  
t e m p e r a t u r e  i m p l a n t s  c o m p a r e d  t o  1 0 0  a n d  2 0 0 ° C  i m p l a n t a t i o n s .  
T h i s  f a c t  i s  c o n s i d e r e d  i m p o r t a n t  a s  b y  i n c r e a s i n g  t h e  
a n n e a l i n g  t e m p e a r a t u r e  a c c e p t o r - l i k e  c a d m i u m  v a c a n c i e s  w e r e  
g e n e r a t e d .  T h u s  a c t i v i t y  i n  t h e  i m p l a n t e d  l a y e r  w a s  c o n s i d e r e d  
a s  t h e  o b s e r v e d  p r o d u c t  o f  t w o  c o m p e t i n g  p r o c e s s e s .  T h e s e  
w e r e ,  m o v e m e n t  o f  t h e  i m p l a n t e d  i o n  a n d  t h e  t h e r m a l  g e n e r a t i o n  
o f  p - t y p e  a c t i v i t y . '  F o r  a l l  r o o m  t e m p e r a t u r e  i m p l a n t a t i o n s  
t h e  s e c o n d  p r o c e s s  w a s  t h o u g h t  t o  b e  d o m i n a n t , a s  o n l y  a c t i v i t y  
a s s o c i a t e d  w i t h  a c t i v e  n a t i v e  d e f e c t s  w a s  o b s e r v e d .
T h e  a r g o n  i o n  w a s  t h o u g h t  t o  p l a y  l i t t l e  p a r t  I n  t h e  
e l e c t r i c a l  p r o p e r t i e s  o f  t h e  i m p l a n t e d  l a y e r  b e s i d e s  g e n e r a t i n g  
d a m a g e  c o m p l e x e s .  S t o i c h i o m e t r i c  c h a n g e s  p r o d u c e d  b y  t h e  
a d d i t i o n  o f  T e  i n t o  t h e  l a t t i c e  f a i l e d  t o  p r o d u c e  a n y  
o b s e r v a b l e  e l e c t r i c a l  a c t i v i t y ,  a  r e s u l t  w h i c h  a g r e e s  w i t h  t h e  
n e g a t i v e  f i n d i n g s  o f  S m i t h  ( 2 3 )  f r C m T e  a t m o s p h e r e  a n n e a l i n g ,  
e x p e r i m e n t s .
B i s m u t h ,  w h i c h  w a s  a s s u m e d  t o  b e  a n  a c c e p t o r  i n  C d T e ,  w a s  
e x p e c t e d  t o  e n h a n c e  t h e  h o l e  c o n c e n t r a t i o n  p r o d u c e d  b y  c a d m i u m  
v a c a n c i e s  o n  a n n e a l i n g .  No c h a n g e  i n  t h e  S h e e t  r e s i s t i v i t y  
m e a s u r e m e n t  w a s  o b s e r v e d  a t  e l e v a t e d  t e m p e r a t u r e s  a n d  a s  n o  
B i  s u b s t i t u t i o n a l  c o m p o n e n t  w a s  o b s e r v e d  f r o m  c h a n n e l l i n g  
e x p e r i m e n t s  i t  w a s  a s s u m e d  t h a t  t h e  i o n ,  a f t e r  r o o m  
t e m p e r a t u r e  i m p l a n t a t i o n ,  w a s  n o t  a c t i v e  a s  a  d o p a n t  i n  t h e  
l a t t i c e .  S i m i l a r l } '  f o r  I n ,  t h e  a b s e n c e  o f  a c t i v i t y  c o u l d  b e  
a s c r i b e d  e i t h e r  t o  t h e  i o n  b e i n g  e l e c t r i c a l l y  n e u t r a l  i n  t h e  
l a t t i c e  o r  t o  o v e r  c o m p e n s a t i o n  b y  t h e r m a l l y  g e n e r a t e d  
a c c e p t o r s  a t  h i g h  ( > 4 0 0 ° C )  t e m p e r a t u r e s .
7 . 3 . 2  H o t  I m p l a n t a t i o n s  a n d  E l e c t r i c a l  A c t i v i t y
T h e  a b o v e  p i c t u r e  w a s  a l t e r e d  d r a m a t i c a l l y  b y  i m p l a n t i n g  
i n t o  h e a t e d  s u b s t r a t e s .  F o r  t h e  1 0 0 ° C  I n  i m p l a n t a t i o n  
( S e e  F i g u r e  6 . 1 5 )  e l e c t r i c a l  a c t i v i t y  w a s  d e t e c t e d  f o r  a l l  
i m p l a n t e d  d o s e s  a f t e r  a n n e a l i n g  t o  3 0 0 ° C ,  R e s i s t i v i t y ,  w h i c h  
w a s . d o s e  d e p e n d e n t ,  d r o p p e d  u n t i l  4 0 0 ° C  a n d  t h e n  i n c r e a s e d  
r a p i d l y  w i t h  a n n e a l i n g  t e m p e r a t u r e  s u c h  t h a t  a b o v e  5 0 0 ° C  
m e a s u r e m e n t s  w e r e  n o  l o n g e r  p o s s i b l e .  A s i m i l a r  r e s u l t  w a s  
o b t a i n e d  f o r  t h e  2 0 0 ° C  B i  i o n  - i m p l a n t a t i o n . ' '
T h e  r e s i s t i v i t y  v a r i a t i o n s  c o u l d  b e  e x p l a i n e d  b y  t h e  
t h r e e  m e c h a n i s m s  l i s t e d  i n  t h e  p r e v i o u s  s e c t i o n .  . B e l o w  
2 0 0 ° C  I n  ( a n d  B i ) i o n s  w e r e  i n a c t i v e  d u e  t o  t h e  p r e s e n c e  o f  
d i s o r d e r  a n d  a c t i v e  c a d m i u m  v a c a n c i e s .  A f t e r  t h e  p a r t i a l  
r e m o v a l  o f  d i s o r d e r  a t  2 0 0 ° C ,  i m p l a n t e d  d o p a n t s  r e d u c e d  t h e  
m e a s u r e a b l e  r e s i s t i v i t y  o f  t h e  i m p l a n t e d  l a y e r .  A s  t h e  a n n e a l  
t e m p e r a t u r e  i n c r e a s e d  a n  i n c r e a s i n g  f r a c t i o n  o f  t h e  i m p l a n t e d  
i m p u r i t i e s  b e c a m e  a c t i v e  a n d  t h e  s h e e t  r e s i s t i v i t y  d e c r e a s e d .
B y  4 0 0 ° C  c a d m i u m  v a c a n c i e s  w e r e  g e n e r a t e d  i n  s u f f i c i e n t  
q u a n t i t i e s  ( e s t i m a t e d  a t  a b o u t  1 0 4 7 / c m 3 ) t o  c o m p e n s a t e  t h e  
a c t i v i t y  p r o d u c e d  b y  t h e  i m p l a n t e d  i o n .  T h i s  c o m p e n s a t i o n  
r e s u l t e d  i n  t h e  i n c r e a s i n g  r e s i s t i v i t y  b e t w e e n  4 0 0 ° C  a n d  6 0 0 ° C .
R e s i s t i v i t y  w a s  f u r t h e r ,  i n c r e a s e d  i n  t h i s  t e m p e r a t u r e  
r e g i o n  b y  t h e  l o s s  o f  i m p l a n t e d  i o n s ,  w i t h  a b o u t  5 0 %  o f  t h e  
i m p l a n t e d . B i  b e i n g  l o s t  ( S e e  F i g u r e  6 . 1 4 )  b e t w e e n  5 0 0 ° C  a n d  
6 0 0 ° C .  A s s u m i n g  n o  m o b i l i t y  c h a n g e s  w i t h  t e m p e r a t u r e . a n d  n o  
e v a p o r a t i o n  d e p e n d e n c e  o n  t h e  d o p a n t  i m p u r i t i e s  e l e c t r i c a l  
s t a t e ,  l o s s  o f  i m p l a n t e d  i o n s  r e s u l t e d  i n  a n  o r d e r  o f  
m a g n i t u d e  i n c r e a s e  i n  r e s i s t i v i t y .
A s  n o  H a l l  m e a s u r e m e n t s  w e r e  o b t a i n e d ,  a n  e s t i m a t e d  
v a l u e  o f  1 0 0  c m 2 / V ~ s e c  f o r  t h e  1 0 0 ° C  I n  a n d  2 0 0 ° C  B i  i m p l a n t s  
w a s  u s e d  t o  c a l c u l a t e  p e r c e n t a g e s ,  o f  t h e  i m p l a n t e d  i o n s  ' w h i c h  
w e r e  e l e c t r i c a l l y  a c t i v e .  T h e s e  p e r c e n t a g e s  a r e  s h o w n  b e l o w  
i n  T a b l e  7 . 2 .
T a b l e .  7 .2  P e r c e n t a g e  e l e c t r i c a l  a c t i v i t y  f o r  v a r i o u s
i o n s  i m p l a n t e d  i n t o  s e m i - i n s u l a t i n g  
H o r i z .  z . - r e f .  C d T e .  [ V a l u e s  c a l c u l a t e d  f o r  
m a x im u m  o b s e r v e d  a c t i v i t y ]
*  C a l c u l a t e d  a s s u m i n g  m o b i l i t y  o f  1 0 0  cm 2 / V - s e c .
I m p l a n t  d o s e i n  i o n s /  cm 2
I m p l a n t l x l 0 1 4 5 x 1 0 1 4 1 51 x 1 0 3 5. 5 x 1 0
1 0 0 ° C  B i  * ------- 0 . 0 1 0 . 0 2 0 . 0 0 7
1 0 0 ° C  I n  * 0 . 1 0  o 0 3 0 . 0 2
2 0 0 ° C  I n 3 0 . 0 8 . 0 7 . 5 -------
L i t t l e  d i f f e r e n c e  w a s  n o t e d  i n  t h e  e l e c t r i c a l  a c t i v i t y  o f  
t h e  1 0 0 ° C  I n  a n d  2 0 0 ° C  B i  i m p l a n t a t i o n s .  A c t i v i t y  d i d  
h o w e v e r  d e p e n d  o n  d o s e  w i t h  t h e  l o w e r  d o s e s  h a v i n g  t h e  h i g h e r  
p e r c e n t a g e  a c t i v i t y .  T h e  f a c t  t h a t  B i  i o n  a c t i v i t y  w a s  
m e a s u r e d  w h i l e  n o  s u b s t i t u t i o n a l  c o m p o n e n t  w a s  d e t e c t e d  c o u l d  
b e  a t t r i b u t e d  t o  t h e  l o w  a c t i v i t y  l e v e l s  ( 0 . 0 2 % ) ,  i . e D t h e  
s u b s t i t u t i o n a l  c o m p o n e n t  w a s  o u t s i d e  t h e  d e t e c t a b l e  l i m i t s  o f  
t h e  c h a n n e l l i n g  t e c h n i q u e .
' T h e  f a c t  t h a t  r e s i s t i v i t y  m e a s u r e m e n t s  w e r e  o b t a i n e d  f o r  
B i  c a s t  d o u b t s  o n  t h e  e l e c t r i c a l  r o l e  p l a y e d  b y  t h e  B i  a t o m  i n  
t h e  l a t t i c e .  S h e e t  r e s i s t i v i t y  m e a s u r e m e n t s  w e r e  o b t a i n e d  
f r o m  B i  i m p l a n t s  u s i n g  I n  a l l o y e d  c o n t a c t s  a n d  n o  r e c t i f i c a t i o n  
w a s  r e c o r d e d  o v e r  t h e  w h o l e  r a n g e  o f  a n n e a l  t e m p e r a t u r e s .
T h e  n - t y p e  b e h a v i o u r  o f  b i s m u t h  h a s  v e r y  r e c e n t l y  b e e n  r e p o r t e d  
b y  S i f f e r t ^ ^ )  wi10 o b t a i n e d  n - t y p e  c o n t a c t s  t o  B i  i m p l a n t e d  
m a t e r i a l .  T h e s e  f a c t s  l e d  t o  t h e  a s s u m p t i o n  t h a t  B i  a c t e d  a s  
a  d o n o r  i n  C d T e  w i t h  t h e  a t o m  s i t t i n g  o n  a  c a d m i u m  s i t e .
R a i s i n g  t h e  s u b s t r a t e  t e m p e r a t u r e  t o  2 0 0 ° C  f o r  t h e  i n d i u m  
i m p l a n t s ,  r e s u l t e d  i n  m u c h  l a r g e r  i o n  c o n c e n t r a t i o n s  b e c o m i n g  
e l e c t r i c a l l y  a c t i v e .  T h i s  i n c r e a s e  i n  a c t i v i t y  w a s  p r o b a b l y  
a s s i s t e d  b y  t h e  m u c h  r e d u c e d  d i s o r d e r  l e v e l s  ( S e e  F i g u r e  6 . 9 )  
a f t e r  t h e  2 0 0 ° C  i m p l a n t a t i o n .  A s  s e e n  i n  T a b l e  7 . 2  a b o u t  
1 i n  3  o f  t h e  i m p l a n t  i o n s  w e r e  a c t i v e  ( a t  4 0 0 ° C ) f o r  t h e  
l o w e s t  d o s e  i m p l a n t . A c t i v i t y  w a s  s u c h  t h a t  f o r  a l l  d o s e s  
r e s i s t i v i t y  m e a s u r e m e n t s  w e r e  o b t a i n e d  ( S e e  F i g u r e  6 . 1 6 )  b e f o r e  
a n n e a l i n g .  L ow  t e m p e r a t u r e  a n n e a l i n g  p r o d u c e d ,  f o r  t h e  
h i g h e s t  d o s e ,  a  t h r e e  o r d e r s  o f  m a g n i t u d e  d e c r e a s e  i n  r e s i s t a n c e .
A b o v e  4 5 0 ° C  r e s i s t i v i t i e s  a g a i n  i n c r e a s e d  p r o b a b l y  d u e  t o  
b o t h  c a d m i u m  v a c a n c y  g e n e r a t i o n  a n d  l o s s  o f  i m p l a n t  c o m p o n e n t .
T o  d i f f e r e n t i a t e  b e t w e e n  t h e  d o p i n g  a n d  d a m a g e ' m e c h a n i s m s  
w h i c h  m a y  e f f e c t  e l e c t r i c a l  a c t i v i t y  a r g o n  i o n s ,  w h i c h  w e r e  
a s s u m e d  t o  b e  e l e c t r i c a l l y  i n e r t  ( i . e .  a c t  a s  n e i t h e r  d o n o r  o-r 
a c c e p t o r ) ,  w e r e  i m p l a n t e d  i n t o  h e a t e d  ( 2 0 0 ° C )  s u b s t r a t e s .
No e l e c t r i c a l  a c t i v i t y  w a s  d e t e c t e d  f r o m  t h e s e  i m p l a n t s .
7 . 3 . 3  H a l l  M e a s u r e m e n t s  a n d  t h e i r  I n t e r p r e t a t i o n
H a l l  m e a s u r e m e n t s ,  p e r f o r m e d  o n  t h e  2 0 0 ° C  I n  i m p l a n t s  
w h i c h  h a d  b e e n  a n n e a l e d  t o  4 5 0 ° C ,  s h o w e d  a  m o b i l i t y  d e p e n d e n c e
o n  d o s e  a t  r o o m  t e m p e r a t u r e .  T h i s  m o b i l i t y  d e p e n d e n c e  w a s  
n o t  e x p e c t e d  a s  l a t t i c e  s c a t t e r i n g  w a s  t h o u g h t  t o  b e  t h e  
d o m i n a n t  s c a t t e r i n g  p r o c e s s  n e a r  r o o m  t e m p e r a t u r e .
I t  c o u l d  b e  t h a t  t h e  m o b i l i t y  w a s  e f f e c t e d  b y  t h e r m a l l y  
g e n e r a t e d  d e f e c t s ,  w h i c h  w e r e  l e a s t  c o m p e n s a t e d  b y  l o w  d o s e  
i m p l a n t a t i o n s .  T h u s  t h e  m o b i l i t y  o f  t h e  l o w  d o s e  i m p l a n t a t i o n s  
w h i c h  c o m p e n s a t e d  a  s m a l l e r  p e r c e n t a g e  o f  n a t i v e  a c c e p t o r s ,  
w o u l d  b e  r e d u c e d  b y  t h e  g r e a t e s t  a m o u n t .  Why t h e s e  n a t i v e  
d e f e c t s  a l t e r  e l e c t r o n  m o b i l i t i e s  a t  r o o m  t e m p e r a t u r e  , i s  n o t  
u n d e r s t o o d .
A t  l o w  t e m p e r a t u r e s  ( n e a r l 7 7 ° K )  c a r r i e r  c o n c e n t r a t i o n s  
w e r e  f o u n d  t o  b e  a  f u n c t i o n  o f  i m p l a n t  d o s e  w i t h  t h e  h i g h  d o s e  
i m p l a n t a t i o n s  h a v i n g  t h e  h i g h e r  c a r r i e r  c o n c e n t r a t i o n s .  T h i s  
r e s u l t . w a s  t h o u g h t  t o  b e  d u e  t o  c a r r i e r s  b e i n g  ’f r o z e n  o u t ’
. a t  l o w  t e m p e r a t u r e s  w i t h  t h e  l o w e r  c a r r i e r  c o n c e n t r a t i o n s  
b e i n g  p r e f e r e n t i a l l y  a f f e c t e d .
F r o m  t h e  v a r i a t i o n  o f  c a r r i e r  c o n c e n t r a t i o n  w i t h  t e m p e r a t u r  
a  l e v e l  a t  ( E c  -  0 . 0 1 )  e V  w a s  c a l c u l a t e d ,  a  l e v e l  w h i c h  h a s  
b e e n  o b s e r v e d ( -4 ) ( S e e  F i g u r e  2 . 4 )  ' i n  a l l  d o n o r  m a t e r i a l  w i t h  
c a r r i e r  c o n c e n t r a t i o n s  b e l o w  1 0  i o n s / c m  .
T o  s u m m a r i s e ,  i t  a p p e a r s  t h a t  a c t i v i t y  a t t r i b u t a b l e  t o  
t h e  i m p l a n t e d  i o n  i s  m a s k e d  a f t e r  r o o m  t e m p e r a t u r e  i m p l a n t a t i o n s  
b y  l a t t i c e  d i s o r d e r  a n d  t h e r m a l l y  g e n e r a t e d  d e f e c t s .
I n c r e a s i n g  t h e  i m p l a n t  t e m p e r a t u r e  s u p p r e s s e s  t h e  f o r m e r  a n d  
a c t i v i t y  i s  g e n e r a t e d  o n l y  t o  b e  c o m p e n s a t e d  a t  h i g h  ( > 4 5 0 ° C )  
t e m p e r a t u r e s .
T h e  p e r c e n t a g e  a c t i v i t y ,  w h i c h  w a s  a s  h i g h  a s  30%  f o r  
i n d i u m  i m p l a n t e d  i n t o  s u b s t r a t e s  h e l d  a t  2 0 0 ° C ,  w a s  f o u n d  t o  b e  
d o s e  d e p e n d e n t .
A c t i v e  d e f e c t s  w e r e  t h o u g h t  t o  b e  r e s p o n s i b l e  f o r  m o b i l i t y  
v a r i a t i o n s  a t  r o o m  t e m p e r a t u r e ,  w h i l e  a  d o n o r  l e v e l  w a s  d e t e c t e d  
i n  t h e  i m p l a n t e d  m a t e r i a l  w h i c h  h a s  b e e n  f o u n d ^ 4  ^ i n  a l l  
n - t y p e  s a m p l e s .
7 . 4  D e f e c t . L e v e l  P r o d u c t i o n  i n  t h e  C d T e  B a n d g a p
D u e  t o  t h e  l a c k  o f  o b s e r v e d  d o p a n t  a c t i v i t y  f o l l o w i n g  m o s t  
i m p l a n t s  T h e r m o s t i m u l a t e d  c u r r e n t  m e a s u r e m e n t s  w e r e  m a d e  o n  h i g h  
r e s i s t i v i t y  m a t e r i a l  t o  d e t e c t  l e v e l s  a n d  t o  i n v e s t i g a t e  t h e i r
I n  u n i m p l a n t e d  m a t e r i a l  a  l e v e l  w a s  d e t e c t e d  a t  O . l l T o . O l  eV  
i n  H o r i z .  z . - r e f .  C d T e  w h i c h  a p p e a r e d  t o  b e  i n d e p e n d e n t  o f  t e m p e r a t u r e  
o v e r  t h e  r a n g e  i n v e s t i g a t e d .  T h e  e x i s t e n c e  o f  t h i s  d e e p  l e v e l  
w a s  c o n f i r m e d  b y  Z a n i o ( l 8 ? 0 ,  w h o  r e p o r t e d  t h a t  d e t e c t o r s  m a n u f a c t u r e d  
f r o m  a s - p r e p a r e d  s a m p l e s  h a d  h i g h  r e v e r s e  l e a k a g e  c u r r e n t s ,  w h i c h  
w e r e  a t t r i b u t e d  t o  a  d e e p  t r a p  i n  t h e  m a t e r i a l .  H e  a l s o  f o u n d  
t h a t  t r a p  d e n s i t i e s  ( ~ l O ^ / c m 3 ) w e r e  i n  o r d e r  o f  m a g n i t u d e  t o o  
l a r g e  f o r  s u i t a b l e  d e t e c t o r  a p p l i c a t i o n s .
D e t e c t o r  m a t e r i a l  ( s u p p l i e d - b y  Z a n i o  a t  H u g h e s  A i r c r a f t  
L a b o r a t o r i e s )  r e v e a l e d  n o  t r a p p i n g  l e v e l s  o v e r  t h e  p o r t i o n  o f  t h e  
b a n d g a p  i n v e s t i g a t e d .  A n n e a l i n g  t h i s  m a t e r i a l  t o  4 0 0 ° C  h o w e v e r  
( S e e  T a b l e  6 . 5 )  p r o d u c e d  a  l e v e l  a t  0 . 5 5  e V .  A t  t h i s  
t e m p e r a t u r e  i t  w a s  t h o u g h t  t h a t  c a d m i u m  v a c a n c i e s  w e r e  b e i n g  
g e n e r a t e d  a n d  a s  a  l e v e l  a t  0 . 6  eV  b e l o w ,  t h e  c o n d u c t i o n  b a n d  h a s  
b e e n  f o u n d ( 3 2 ) (  4 ) a n d  a s c r i b e d  t o  t h i s  v a c a n c y  i t  i s  n o t  
u n r e a s o n a b l e  t o  a s s u m e  t h a t  t h e s e  l e v e l s  a r e  o n e  a n d .  t h e  s a m e .
I m p l a n t a t i o n  o f  t h i s  m a t e r i a l  . w i t h  p r o t o n s ,  w h i c h  p r o d u c e d  p o i n t  
d e f e c t s ,  g e n e r a t e d  l e v e l s  a t  0 . 2 7  t  0 o0 2  eV  a n d  0 . 5 5  t  0 . 0 5  e V ,  t h e  
l a t t e r  b e i n g  a s c r i b e d  t o  t h e  c a d m i u m  v a c a n c y .  A n n e a l i n g  t h i s  
i r r a d i a t e d  m a t e r i a l  t o  3 0 0 ° C  a n n i h i l a t e d ,  t h e s e  l e v e l s  a l t h o u g h  
h i g h e r  t e m p e r a t u r e s  ( 4 0 0 ° C )  a g a i n  g e n e r a t e d  t h e  d e e p e r  l e v e l .
A l e v e l  a t  0 . 5 5  eV  w a s  a l s o  d e t e c t e d  i n  H o r i z .  z . - r e f .  m a t e r i a l  
i m p l a n t e d  w i t h  A r , a n d  B i -  i o n s .  T h i s  l e v e l  i n  t h i s  m a t e r i a l  m a y  
b e  c a u s e d  b y  a  s i m p l e  c a d m i u m  v a c a n c y  a l t h o u g h  n o  d i r e c t  e v i d e n c e  
i s  a v a i l a b l e  t o  c o n n e c t  p o s i t i v e l y  t h e  l e v e l s  i n  b o t h  m a t e r i a l s .  Mo 
l e v e l  w a s  g e n e r a t e d  b y  a n n e a l i n g  t h i s  m a t e r i a l ,  a s  a b o v e  3 0 0 ° C  
r e s i s t a n c e s  b e t w e e n  c o n t a c t s  ( p o s s i b l y  d u e  t o  r a p i d  g e n e r a t i o n  o f  
c a d m i u m  v a c a n c i e s )  b e c a m e  t o o  l o w  f o r  m e a s u r e m e n t .
O t h e r  l e v e l s  i n d u c e d  b y  h e a v y  i o n  i m p l a n t a t i o n  a n n e a l e d  a t  l o w  
t e m p e r a t u r e s  ( 4 3 0 0 ° C ) a l t h o u g h  f r o m  F i g u r e  6 . 8  i t  c a n  b e  s e e n  
t h a t  d i s o r d e r  i s  s t i l l  e v i d e n t .  F o r  t h e  1 x  1 0 1 6  B i  i m p l a n t ,
D a t  3 0 0 ° C  i s  s t i l l  2 5 %  w h i c h  m a y  m e a n  t h a t  d i s o r d e r  e i t h e r  i n d u c e s  
l e v e l s  o u t s i d e  t h e  d e t e c t a b l e  l i m i t s  o f  t h e  e x p e r i m e n t  o r  t h a t  
l e v e l s  a r e  g e n e r a t e d  w h i c h  a r e  n o t  s t i m u l a t e d  b y  r a d i a t i o n  u s e d  i n  
t h e  TSC t e c h n i q u e .  -
annealing behaviour.
T h u s  a n n i h i l a t i o n  o f  d e e p  t r a p s  a t  l o w  t e m p e r a t u r e s  m a y  b e  
d u e  t o  r e m o v a l  o f  g r o s s  d a m a g e , w h i l e  a t  e l e v a t e d  t e m p e r a t u r e s  
( 4 0 0 ° C )  c a d m i u m  v a c a n c i e s  w e r e  t h o u g h t  t o  b e  r e s p o n s i b l e  f o r  t h e  
l e v e l  a t  (B c  -  0 . 5 5 )  e V .
T h u s  c a d m i u m  v a c a n c i e s  w h i c h  w e r e  d e t e c t e d ,  a f t e r  h e a t  t r e a t m e n t  
a n d  a f t e r  i r r a d i a t i o n ,  b y  t h e  T SC  t e c h n i q u e  w e r e  t h o u g h t  t o  b e  t h e  
m a i n  m e c h a n i s m  a f f e c t i n g  e l e c t r i c a l  c o n d u c t i o n .
CHAPTER 8 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
G e n e r a l  C o n c l u s i o n s
T h e  a i m s  o f  t h i s  p r o j e c t ,  a s  l i s t e d  i n  t h e  I n t r o d u c t i o n  h a v e  
i n  t h e  m a i n  b e e n  r e a l i s e d ,  a l t h o u g h  c o r r e l a t i o n  b e t w e e n  c h a n g e s  
i n  e l e c t r i c a l  a c t i v i t y  a n d  m o v e m e n t  o f  i m p l a n t e d  i o n  t o  s u b s t i t u t i o n a l  
s i t e s  w a s  n o t  a c h i e v e d  d u e  t o  l a c k  o f  B i  m o v e m e n t .
A h i g h  p e r c e n t a g e  e l e c t r i c a l  a c t i v i t y  w a s  a c h i e v e d  b y  i m p l a n t i n g  
I n  i n t o  h e a t e d  s u b s t r a t e s ,  a n d  i n f o r m a t i o n  f r o m  l a t t i c e  d i s o r d e r  
s t u d i e s  a n d  e l e c t r i c a l  m e a s u r e m e n t s ,  h e l p e d  t o  b u i l d  u p  a  p i c t u r e  
o f  p r o c e s s e s  o c c u r i n g  i n  t h e  i m p l a n t e d  l a y e r .
S o m e  i n t e r e s t i n g  e f f e c t s  h a v e  b e e n  f o u n d  t h r o u g h o u t  t h i s  s t u d y  
a n d  t h e s e  c a n ,  f o r  c l a r i t y ,  b p  l i s t e d  a s
( a )  T h e  p r e s e n c e  o f  a n  i n v e r s i o n  l a y e r  o n  t h e  s u r f a c e  o f  a l l  
l o w  r e s i s t i v i t y  C d T e ,  w h i c h  i s  a s s u m e d  t o  b e  d u e  t o  t h e  
p r e s e n c e  o f  a d s o r b e d  o x y g e n .
( b )  T h e  g e n e r a t i o n  o f  p - t y p e  a c t i v i t y  i n  s e m i - I n s u l a t i n g  
C d T e  a t  e l e v a t e d  t e m p e r a t u r e s ,  d u e  t o  c a d m i u m  o u t - d i f f u s i o n ,
( c )  T h e  c a r r i e r  c o n c e n t r a t i o n  e n h a n c e m e n t  o n  h e a t i n g  o f  
m o d i f i e d  B r i d g m a n  g r o w n  m a t e r i a l  d u e  t o  t h e  a n n i h i l a t i o n  o f  
t r a p s .
( d )  T h e  r e o r d e r i n g  o f  u r i i m p l a n t e d  m o d i f i e d  B r i d g m a n  g r o w n  
C d T e  o n  h e a t  t r e a t m e n t .
( e )  T h e  e n h a n c e d  d i s o r d e r  o f  t h e  m o d i f i e d  B r i d g m a n  g r o w n  
C d T e  c o m p a r e d  t o  o t h e r  h e a v y  i o n  i m p l a n t e d  C d T e .
( f ) T h e  a b s e n c e  o f  a n  a m o r p h o u s  p h a s e  i n  a l l  c r y s t a l s  a f t e r  
h e a v y  d o s e  i m p l a n t a t i o n s .
( g )  T h e  h i g h  d e c h a n n e l l i n g  r a t e  o f  a l p h a  p a r t i c l e s  i n  
d i s o r d e r e d  m a t e r i a l .
( h )  T h e  l o w  ( 4 0 0 ° C )  a n n e a l i n g  t e m p e r a t u r e s  r e q u i r e d  t o  r e m o v e  
t h e  m a j o r i t y  o f  t h e  l a t t i c e  d i s o r d e r .
( i )  T h e  f o r m a t i o n  o f  d e e p  l e v e l s  i n  t h e  C d T e  b a n d g a p  w h i c h  
w e r e  a n n i h i l a t e d  o n  l o w  t e m p e r a t u r e  a n n e a l i n g  ( < 300° C ! ) ,
( j )  T h e  g e n e r a t i o n  o f  a  l e v e l  i n  p r o t o n  i r r a d i a t e d  m a t e r i a l  
a n d  h e a t  t r e a t e d  m a t e r i a l  a t t r i b u t a b l e  t o  a  c a d m i u m  v a c a n c y  a t  
( E c  -  0 . 6 ) e V  o
( k )  T h e  m a r k e d  r e d u c t i o n  i n  d i s o r d e r  w h e n  s u b s t r a t e  t e m p e r a t u r e s  
w e r e  i n c r e a s e d  f r o m  1 0 0 ° C  t o  2 0 0 ° C  d u r i n g  i m p l a n t a t i o n .
( 1 )  T h e  l a r g e  p e r c e n t a g e - i n c r e a s e  i n  i m p l a n t e d  I n  a c t i v i t y  
w h e n  s u b s t r a t e  t e m p e r a t u r e s  w e r e  i n c r e a s e d  f r o m  1 0 0 ° C  t o  2 0 0 ° C .
(m )  T h e  a p p a r e n t  d o n o r  a c t i v i t y  o f  s a m p l e s  i m p l a n t e d  w i t h  
t h e  g r o u p  V e l e m e n t  b i s m u t h .
( n )  T h e  d o s e  d e p e n d e n c e  o f  p e r c e n t a g e  e l e c t r i c a l  a c t i v i t y  o f  
b o t h  B i  a n d  I n  i m p l a n t a t i o n s .
( o ) T h e  c o m p e n s a t i o n  o f  a c t i v e  i m p l a n t e d  d o n o r s  b y  t h e r m a l l y  
g e n e r a t e d  n a t i v e  a c c e p t o r s  a t  t e m p e r a t u r e s  g r e a t e r  t h a n  4 0 0 ° C .
T h e  m o s t  s t r i k i n g  o b s e r v a t i o n  i n  t h i s  s t u d y  h a s  b e e n  t h e  r o l e  
p l a y e d  b y  a c t i v e  n a t i v e  d e f e c t s .  T h e s e  h a v e  b e e n  f o u n d  t o  
c o m p e n s a t e  i m p l a n t e d  i o n  e l e c t r i c a l  a c t i v i t y  t h u s  l i m i t i n g  s h e e t  
r e s i s t i v i t y  m e a s u r e m e n t s .  T h i s  e f f e c t  h i g h l i g h t s  t h e  p r o b l e m  o f  
c o n t r o l  o f  t h e s e  c o m p e n s a t i n g  d e f e c t s  d u r i n g  a n n e a l i n g  a n d  i t . m a y  
b e  t h a t  a n n e a l i n g  s h o u l d  b e  p e r f o r m e d  u n d e r  a  s a t u r a t e d  c a d m i u m  
a t m o s p h e r e ,  g e n e r a t e d  i n  a  t w o  z o n e  f u r n a c e .
G r o w t h  m e t h o d  t e c h n i q u e s  m a y  h a v e  t o  b e  i m p r o v e d  i f  b e t t e r  
r e p r o d u c i b i l i t y  b e t w e e n  i n g o t s  i s  t o  b e  a c h i e v e d .  T h e  r e o r d e r i n g  
o f  t h e  m o d i f i e d  B r i d g m a n  C d T e  m e a n s  t h a t  t h e  g r o w t h  m e t h o d  i t s e l f  
m a y  h a v e  t o  b e  m o d i f i e d  . t o  i m p r o v e  l a t t i c e  t e m p e r a t u r e  s t a b i l i t y .
Electrical activity due to lattice disorder is still an 
unknown factor in the material and many levels created due to 
disorder are complex or still unknown in detail.
I n d i u m  a n d  t o  a  l e s s e r  e x t e n t  B i  e x h i b i t e d  e l e c t r i c a l  a c t i v i t y  
a f t e r  b e i n g  i m p l a n t e d  i n t o  h e a t e d  s u b s t r a t e s .  R e s u l t s  i n d i c a t e  
t h a t  h i g h e r  i m p l a n t a t i o n  t e m p e r a t u r e s , w i t h  a  p o s s i b l e  r e d u c t i o n  i n  
d i s o r d e r ,  c o u l d  r e s u l t  i n  a n  e n h a n c e d  p e r c e n t a g e  a c t i v i t y .  B e c a u s e  
o f  o u t - d i f f u s i o n  a b o v e  a b o u t  4 0 0 ° C  s u r f a c e s  m a y  h a v e  t o  b e  p r o t e c t e d  
w i t h  a n  e n c a p s u l a n t  s u c h  a s  S i 0 2  o r  S i N 4  d u r i n g  i m p l a n t a t i o n .  • .
8,2 Future Work
A s  h a s  b e e n  s h o w n  b y  t h i s  s t u d y  a c t i v i t y  h a s  b e e n  s u c c e s s f u l l y  
g e n e r a t e d  b y  h o t  i n d i u m  i m p l a n t a t i o n s . .  E x t e n d i n g  t h i s  w o r k  b y  
i n c r e a s i n g  t h e  i m p l a n t a t i o n  t e m p e r a t u r e  a n d  b y  m o r e  c a r e f u l  c o n t r o l  
o f  a n n e a l i n g  c o n d i t i o n s ,  c o u l d  p r o d u c e  l o w  r e s i s t a n c e  n - t y p e  f i l m s  
w h i c h  h a v e  u s e f u l  d e v i c e  a p p l i c a t i o n s .  B y  i m p l a n t i n g  I n  i n t o  
p - t y p e  m a t e r i a l  n - p  j u n c t i o n s  m a y  b e  p o s s i b l e  a n d  p r o p e r t i e s  s u c h  
a s  e l e c t r o l u m i n e s c e n c e ,  g am m a s p e c t r o s c o p y  a n d  t h e  p h o t o v o l t a i c  
e f f e c t  c o u l d  b e  s t u d i e d .
B e s i d e s  w o r k  o n  n - p  j u n c t i o n s ,  t h e  f i e l d  o f  i o n  r a n g e  m e a s u r e m e n t  
i s  y e t  t o  b e  e x p l o r e d ,  w i t h  s t r i p p i n g  o f f  o f  l a y e r s  a n d  C - V  p r o f i l e  
m e a s u r e m e n t s  o f f e r i n g  a  m e a n s  o f  d e t e r m i n i n g  a c c u r a t e  p r o f i l e s .  
S u r f a c e  p r o p e r t i e s  a r e  s t i l l  a  r e l a t i v e l y  u n e x p l o r e d  r e g i o n  o f  
r e s e a r c h  a s  t h i s  s t u d y  h a s  s h o w n  a n d  i t  m a y  b e  t h a t  p a r t i c l e  
c h a n n e l l i n g  a n d .  p h o t o c o n d u c t i v i t y  s t u d i e s  c o u l d  b e  a p p l i e d  t o  
i n v e s t i g a t e  t h i s  r e s e a r c h  a r e a .
T h e  f i e l d  o f  i o n  i m p l a n t a t i o n  i n t o  C d T e  i s  s t i l l  o n e  i n  w h i c h  
m u c h  h a s  t o  b e  d o n e  b u t  a s  t h i s  s t u d y  h a s  i n d i c a t e d  t h e  a p p l i c a t i o n  
o f  t h i s  t e c h n i q u e  c a n  p r o d u c e  c o n t r o l l e d  e l e c t r i c a l  d o p i n g  o f  t h e  
m a t e r i a l ’ s  s u r f a c e  l a y e r s .
APPENDIX' A. ELECTRON CHANNELLING IN CdTe
Single crystal material scanned by collimated beams of high energy 
electrons have been found to produce patterns of backscattered 
secondary electrons(114) , Patterns , referred to as electron channelling 
patterns, are produced when crystals are orientated to within ± 1 5 °  
of a major crystallographic direction. As its name implies, the 
technique relies on the different secondary electron reflections from 
channelling and random directions. Fewer electrons are emitted from 
the low index directions resulting in patterns of high and low contrast.
I n  t h e  e x p e r i m e n t  p e r f o r m e d  o n  t h e  C a m b r i d g e  I n s t r u m e n t  C o .
' S t e r e o s c a n '  e l e c t r o n  m i c r o s c o p e ,  c r y s t a l s  o f  C d T e  w e r e  o r i e n t a t e d  a b o u t  
1 0 °  o f f  t h e  < 1 1 1 >  c r y s t a l l o g r a p h i c  d i r e c t i o n .  S a m p l e s  5mm x  5mm x  2mm 
w e r e  p r e p a r e d  f r o m  m o d i f i e d  B r i d g m a n  m a t e r i a l ,  a s  d e s c r i b e d  i n  C h a p t e r  5 ,  
w i t h  s u r f a c e s  f i n e - e t c h e d  t o  p r o d u c e  d a m a g e - f r e e  s u r f a c e s .
S a m p l e  A w a s  a n a l y s e d  a s  p r e p a r e d .
S a m p l e  B w a s  h e a t  t r e a t e d  i n  a r g o n  g a s  f l o w  t o  4 0 0 °  f o r  h a l f  a n
h o u r .
S a m p l e  C w a s  i r r a d i a t e d  w i t h  2 0  k e V  A r  i o n s  t o  a  d o s e  o f
1 x  1 0 4 5  i o n s / c m 2  a t  b e a m  c u r r e n t  o f  1 y  A / c m 2 .
S a m p l e  D w a s  a  s a m p l e  o f  G a A s  c u t  a n d  p r e p a r e d  i n  a  s i m i l a r  . . .
m a n n e r  t o  t h e  s a m p l e s  o f  C d T e ,  a n d  u s e d  t o  c o m p a r e  c r y s t a l l i n i t y
between crystal types.
H i g h  e n e r g y  ( 2 0  k e V ) e l e c t r o n  b e a m s ,  o f  1mm d i a m e t e r  a n d  d i v e r g e n c e  
o f  2  x  lO*"4  r a d i a n s ,  w e r e  s c a n n e d  f r o m  a  f i x e d  p o i n t  s o m e  7 c m s  a b o v e  t h e  
s a m p l e .  P a t t e r n s ,  w h i c h  w e r e  d e t e c t e d  b y  a  p h o t o m u l t i p l i e r  a n d  
d i s p l a y e d  o n  a  CRO a r e  s h o w n  i n  F i g u r e  A . l  f o r  s a m p l e s ,  A ,  B ,  C a n d  D 
r e s p e c t i v e l y .
A m e a s u r e  o f  c r y s t a l l i n i t y  c a n  b e  o b t a i n e d  f r o m  t h e  c l a r i t y  o f  t h e  
b a c k s c a t t e r e d  p a t t e r n s .  I t  a p p e a r s  t h a t  t h e  G a A s  s a m p l e  w a s  m u c h  
b e t t e r  c r y s t a l l i n e  m a t e r i a l  t h a n  a n y  o f  t h e  C d T e  s a m p l e s .  T h e  
r e o r d e r i n g  o b s e r v e d  b y  o t h e r  t e c h n i q u e s  a n d  r e p o r t e d  i n  t h e  m a i n  t e x t  
w a s  a g a i n  e v i d e n t  i n  t h e  p a t t e r n  f r o m  s a m p l e  B .  I t  m a y  b e  t h a t  
f u r t h e r  a n n e a l i n g  c o u l d  p r o d u c e  p a t t e r n s  o f  e v e n  g r e a t e r  c l a r i t y .
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Fig A.1 Electron Channelling Patterns from
Mod. Bridg. grown CdTe
Sample A Cadmium T elluride crystal
10° off <  111 >  A xis as  
prepared
Sample B Cadmium T elluride crystal
Heat treated in Argon 
atm osphere to 400°C for 1 12. hr
Sample C Cadmium T elluride crystal 
Implanted with 1 x 1015 
io n s/cm 2. 20KeV Argon
Sample D Gallium A rsenide
C rystal of sim ilar orientation and 
preparation to CdTe
A s  t h e  s e c o n d a r y  e l e c t r o n s  e m i t t e d  a r e  o f  l o w  e n e r g y  ( ~ 5 0 e V ) ,  
m o s t  o f  t h e  p a t t e r n s  a r e  g e n e r a t e d  f r o m  t h e  f i r s t  f e w  h u n d r e d  a n g s t o m s  
o f  c r y s t a l  s u r f a c e .  T h i s  m a k e s  t h e  t e c h n i q u e  u s e f u l  i n  t h e  s t u d y  o f  
s h a l l o w  i m p l a n t e d  l a y e r s  o f  d i s o r d e r e d  m a t e r i a l .  T h e  p a t t e f n  f r o m  
s a m p l e  C s h o w s  t h e  e f f e c t  o f  a r g o n  i m p l a n t a t i o n  t o  a  d o s e  w h i c h  i n  
s i l i c o n  w o u l d  p r o d u c e  a  c o m p l e t e l y  a m o r p h o u s  l a y e r .  D e t a i l s  c a n  
s t i l l  b e  d e t e c t e d  i n  C ,  w h i c h  s u g g e s t s  a  r e l a t i v e l y  h i g h  d e g r e e  o f  
c r y s t a l  o r d e r  a n d  s u p p o r t i n g  t h e  o b s e r v a t i o n  t h a t  C d T e  d a m a g e s  l e s s  
r e a d i l y  t h a n  t h e  e l e m e n t a l  s e m i c o n d u c t o r s .
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A PP E N D IX  B .  S P U T T E R IN G  R A T IO S  OF CADMIUM T E L LU R ID E
The ejection of target atoms under ion bombardment is called 
sputtering. With single crystal materials this ejection shows a 
dependence on the angle of incidence of the ion beam. It has 
been found(115) that sputtering is reduced when low index directions 
are presented to the incident beam, an effect which is attributed 
to the reduced sputtering of channelled ions. A sputtering ratio, 
that is the ratio of atoms ejected per incident ion, can be assigned 
to a particular material and has been found(116) to be dependent on ion 
energy and ion type.
T o  o b t a i n  s p u t t e r i n g  r a t i o s  i n  C d T e ,  a  m e t h o d  d e r i v e d  b y  W i l s o n (117) 
w a s  u s e d .  A l c m  s q u a r e  s a m p l e  w a s  p o l i s h e d  a n d  e t c h e d  a s  d e s c r i b e d  
p r e v i o u s l y  ( S e e  p .  5 6  ) ,  a n d  i r r a d i a t e d  w i t h  2 0 k e V  A r  i o n s  t o  a n
i n t e g r a t e d  d o s e  o f  l c A 3 i o n s / c m 2  a t  a  b e a m  c u r r e n t  o f  1 0  y A .
I m p l a n t a t i o n  o c c u r r e d  t h r o u g h  a  s t a i n l e s s  s t e e l  w i r e  m e s h  o f  w i r e  
d i a m e t e r  0 . 3 6 m m  a n d  0 . 9 m m  g a p ,  o v e r  a  c i r c u l a r  a r e a  o f  6mm
d i a m e t e r .  T h e  s u r f a c e  o f  t h e  i r r a d i a t e d  m a t e r i a l  i s  s h o w n  i n
F i g u r e  B . l  ( A ) .  H e r e  s p u t t e r e d  a r e a s  h a v e  a  g r e y  a p p e a r a n c e  a n d  a r e  
c o n f i n e d  t o - a r e a s  n o t  m a s k e d  b y  t h e  w i r e  m e s h .  T h e  e d g e  o f  t h e  m a s k  
p r o d u c e d  a  s t e p  i n  t h e  i m p l a n t e d  s u r f a c e  [ S e e  F i g u r e  B . l  ( B ) ]  o f  
h e i g h t  d  s u c h  t h a t  : -  -
d  = P SA  
Np
x  1 0 4  ym   ( 1 )
w h e r e  D i s  t h e  d o s e  i n  i o n s / c m  , S  i s  t h e - s p u t t e r i n g  r a t i o  i n  a t o m s / i o n ,  
.A  i s  t h e  a t o m i c  w e i g h t ,  N i s  A r o g a d r o ’ s  N u m b e r  a n d  P i s  t h e  d e n s i t y  
i n  g r n /c m 3 . B y  m e a s u r i n g  t h i s  d e p t h  d  o v e r  t h e  t o t a l  s u r f a c e  a  
m e a s u r e  o f  t h e  s p u t t e r i n g  r a t i o  ( a s  w e l l  a s  a  b e a m  i n t e n s i t y  p r o f i l e )  
w a s  o b t a i n e d .  T h e  s t e p  h e i g h t  w a s  m e a s u r e d  b y  m e a n s  o f  a  T a l y s t e p  
( M o d e l  N o .  1 )  a n d  a  s t e p  h e i g h t  o f  6 . 1  Pm w a s  o b t a i n e d  a f t e r  a v e r a g i n g  
o v e r  t h e  i m p l a n t  s u r f a c e . T h i s  m e a n t  t h a t  2 0  k e V  a r g o n  p r o d u c e d  a n  
a v e r a g e  s p u t t e r i n g  r a t i o  o f  9 . 5  a t o m s / i o n  i n  C d T e .
B e s i d e s  t h i s  h i g h  s p u t t e r i n g  r a t i o ,  i n t e r e s t i n g  s u r f a c e  s t r u c t u r e  
w a s  o b s e r v e d  a n d  ’ c o n e s ’ o f  u n s p u t t e r e d  C d T e  w e r e  o b s e r v e d  i n  t h e  
i r r a d i a t e d  a r e a s .  T h e s e  a r e  s h o w n  i n  F i g u r e  B . l  ( C )  i n  a  r e g i o n  o f
Fig B.1 Scanning Electron M icroscope photographs of various 
areas of CdTe sputtered by 20keV A r+ ions.
A Low mag ( x 50) of sputtered area
- pattern produced by fine stee l mesh.
B Corner of one sputtered area showing
'dim ples’ mag x 2300 
C Area of high cone density on sputtered 
surface mag x 1050 
D Area where beam intensity changing
- note variation in cone density across  
beam boundary mag x 2050
h i g h  c o n e  d e n s i t y .  A s  c a n  b e  s e e n  f r o m  F i g u r e  B , l .  ( D )  i t  a p p e a r s  
t h a t  c o n e s  a r e  b e a m  i n t e n s i t y  d e p e n d e n t  w i t h  a  c o n c e n t r a t i o n  g r a d i e n t  
e x i s t i n g  a c r o s s  t h e  i m p l a n t a t i o n  b o u n d a r y .
B e c a u s e  o f  t h e  h i g h  v a l u e  o f  s p u t t e r i n g  r a t i o ,  w i t h  i t s  
c o n s e q u e n c e s  o n  i m p l a n t e d  d o s e  c o n c e n t r a t i o n s  a n d  d i s t r i b u t i o n ,  t h e  
e x p e r i m e n t  w a s  r e p e a t e d  u s i n g  1 0 0  lceV  B i  i o n s .  T h e  beam , c u r r e n t  w a s  
k e p t  t o  t h e  n o r m a l  i m p l a n t a t i o n  v a l u e  o f  0 . 7  y A  a n d  a  t o t a l  d o s e  o f  
8  x  l O 4 ^  i o n s / c m 2  w a s  i m p l a n t e d  i n t o  t w o  s a m p l e s .
A f t e r  i r r a d i a t i o n  s t e p  h e i g h t s  w e r e  m e a s u r e d  u s i n g  t h e  T a l y s t e p  
a n d  a  m e a n  v a l u e  o f  5 0 A °  w a s  o b t a i n e d  f r o m  b o t h  s a m p l e s .  F r o m  
e q u a t i o n  ( 1 )  t h i s  y i e l d s  a  v a l u e  o f  2 . 3  a t o m s / i o n  f o r  t h e  s p u t t e r i n g :  
r a t i o .  E r r o r s  i n  s t e p  h e i g h t  m e a s u r e m e n t  h o w e v e r ,  w e r e  c o n s i d e r e d  
l a r g e  a s  s u r f a c e  i r r e g u l a r i t i e s  p r o d u c e d  p e a k  h e i g h t  v a r i a t i o n s  o f  
-  3 0 0 A ° .  I t  w a s  e s t i m a t e d  t h a t  t h e r e  w a s  a  m a x im u m  e r r o r  o f  1 0 0 %  
i n  t h e  v a l u e  o f  s p u t t e r i n g  r a t i o .
T h e  l o w  s p u t t e r i n g  r a t i o  m a y  h a v e  b e e n  d u e  t o  m a n y  f a c t o r s ,  b u t  
w i t h  t h e  l o w  b e a m  c u r r e n t ,  i n e f f i c i e n t  r e m o v a l  o f  a b s o r b e d  s u r f a c e  
l a y e r s  p r e v e n t i n g  e x c e s s i v e  s p u t t e r i n g  w a s  t h e  m o s t  l i k e l y  e x p l a n a t i o n .  
I t  m a y  b e  t h a t  h i g h e r  e n e r g i e s  p r o d u c e  c r y s t a l  e x p a n s i o n  a s  o b s e r v e d  
b y  W h a n  e t  a l ( 1 1 8 )  r e s u l t i n g  i n  a  f a l s e  v a l u e  o f  s t e p  h e i g h t .
T h e  a b o v e  s p u t t e r i n g  r a t i o  i s  o f  t h e  s a m e  o r d e r  o f  m a g n i t u d e  a s  
t h a t  e s t i m a t e d  f r o m  B i  s p e c t r a  d e t e r m i n a t i o n ,  w h i c h  i n d i c a t e s  t h a t  h e a v y  
i o n  s p u t t e r i n g  u n d e r  n o r m a l  i m p l a n t a t i o n  c o n d i t i o n s  s h o u l d  n o t  
s e r i o u s l y  a f f e c t  d o p i n g  c o n c e n t r a t i o n s .
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